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To effectively analyze and design a flexible supply chain (FSC), a variety of
variables need to be considered. This research presents a framework, an extension of the
work of Chan et al. (2009), that identifies a more extensive yet salient set of variables for
designing FSCs. This framework provides a basis for using simulation to better
understand, and to better design, FSCs.
The framework is used to develop a conceptual model that provides a basis for
simulation analysis. The conceptual model represents a general flexible supply chain in
terms of key design and system variables and incorporates many elements from the
framework. The conceptual model is translated to a programmed simulation model for
experimentation, built in FlexSim, that incorporates many variables from the framework..
Variability plays an important role in understanding the behavior of FSCs and in
developing and analyzing simulations models of FSCs. Two key supply-chain
performance measures are lead time and variability in lead time. One way that has been
proposed to improve both measures is to increase supplier flexibility. Through simulation
this research provides a means to assess the effects of various manufacturing and logistics

flexibility-related variables on lead time and its variability. This research includes several
experiments that analyze the effect of supplier flexibility level, proportion of process time
that is production and transportation time, and the level of variability in process time on
lead time.
The triangular distribution is used often in simulation when process data are not
available. Thus, the triangular distribution is used in the FSC simulation model. As part
of this research, a means was developed to effectively consider alternative values of the
parameters of the triangular distribution during experimentation. The method enables
specification and control of both moment and location parameters.
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CHAPTER I
INTRODUCTION

1.1

Background
The integration of activities from a number of buyers and suppliers is known as a

supply chain. Primarily, there are two kinds of flow found in a supply chain: information
flow and product flow. An organization has difficulty in competing without the effective
integration of suppliers and other entities. This makes the system complicated, and
furthers a need for researchers and practitioners to find strategies for improving the
system performance. As a result, some companies adopt a strategy called the "flexible
supply chain" (FSC) that involves collaboration or coordination in order to promote
success. Supply chain flexibility is a crucial element for addressing supply chain issues
and problems that involve services for the customers, controlling cost, planning and
managing risk, managing relationship among suppliers / partners, and talent. Flexibility
provides the ability of manufacturing systems to react cost-effectively and quickly to
changing production needs and requirements (Benjaafar & Ramakrishnan, 1996). During
the last several years, researchers and practitioners have primarily investigated supply
chains in terms of performance, design, analysis, and management (Beamon, 1998).
In this research, the main focus is on the design and analysis of supply chain
systems with the incorporation of flexibility for better performance (e.g. lead time, cost,
and profit). In the design and analysis of an FSC, a number of factors need to be
1

considered. This research begins with the foundational work of Chan et al. (2009) who
focus on delivery lead-time performances of flexible suppliers regarding automation level
of information systems and physical characteristics of suppliers. Their simulation
provides an approach for managers to recognize the best flexibility and information
automation level of suppliers. Chan et al. (2009) consider a very specific problem and
focus on transferring manufacturing among diverse flexible suppliers at various phases of
production. Their research does not deal with varying production parameters such as
number of products, process times, and transportation times. It also does not consider
situational factors such as quality, availability of information systems, time delay from
the buyer, different means for supplier selection, and behavior in a stochastic
environment. Also, practitioners or modelers cannot use their model since it is difficult to
understand from the description provided and it is not available.
Therefore, this research is an extension of the basic FSC model developed by
Chan et al. (2009). They consider only one design decision, Supplier Flexibility Level
(SFL), and two system factors, Change in Physical Characteristics (CPC) and Time Delay
(TD). They explore the pair-wise interaction of these three factors. One contribution of
this proposed research is to define a more extensive, yet salient, set of factors. Also this
proposed research introduces variability into the model in order to understand its effect
on performance. The factors that are considered for FSC analysis are divided into two
main groups: design variables and system variables. The following is a preliminary
definition of the factors in each category.

2

1.1.1

Design variables


Supplier Flexibility Level (SFL) – number of capable available suppliers



Delivery Flexibility Level (DFL) – capability of the suppliers to adjust
lead times based on the buyers’ requirement



Volume Flexibility Level (VFL) – capability of the suppliers to effectively
increase or decrease cumulative manufacturing in response to buyers’
demand



New Products Flexibility Level (NPFL) – capability to rapidly introduce
new products and product varieties in response to buyers’ demand



Operational Sequences Flexibility Level (OSFL) – capability to vary the
products operational sequences, i.e. vary by processing in different
sequences



Raw Materials Availability Level (RMAL) – availability of raw materials
at supplier side

1.1.2

System variables:


Order arrival distribution



Number of buyers



Number of suppliers



Number of product types



Number of operations for each product type



Production capacity of the supplier



Sequence of operations for each product type
3



Assignment of supplier for each operation



Process times (deterministic / stochastic) for each operation for each
product type at each supplier



Transportation time (deterministic / stochastic) among the suppliers and
between the supplier and buyer



Transportation quantity (batch / load size)



Change in Physical Characteristics (CPC) – percentage increase in
processing time due to being an alternative supplier.



Time Delay (TD) – time required to update the supplier status information
through the information system.



Time Delay Buyer (TDB) – time needed by the buyer to select a supplier
for the next operation.



Availability Level (AL) – availability of the supplier’s information system



Quality Level (QL) – time needed for rework or production of additional
products in order to meet the ordered quantity



Supplier Selection Criteria (SSC) – measure(s) used by the buyer to decide
which supplier should perform the next operation

1.1.3



Variability as a result of changing Coefficient of Variation



Variability as a result of changing Skewness

Performance measures:


Lead time – total order cycle time to produce the final product



Cost – total cost requires producing the final product
4

In addition to the taxonomy of factors that need to be considered in the design and
analysis of FSC, this research provides an open simulation model that permits
experimentation with a more extensive factor set. Figure 1.1 illustrates the basic process
flows.

Figure 1.1

Suppliers produce products for buyers in a flexible supply chain

In a buyer-supplier model, a group of flexible suppliers work for a number of
buyers. First, buyers order to the supplier cluster for a number of product types with the
same or different quantity of each product type. A product moves from a supplier to the
other supplier until the final operation on the product is done. The supplier sends the final
product to the buyer after all the necessary operations are performed on the product. The
operational and logical functions within the buyer-supplier model are mainly divided into
5

two sections: external features (shown in Figure 1.2) and internal operations (shown in
Figure 1.3).

Figure 1.2

A conceptual model of external features

Figure 1.2 shows a conceptual model representing some system factors (e.g.
operation types by product type, supplier’s capability of processing operation types, and
transportation time and quantity) and a design factor, SFL. It represents a system where
Supplier 1 to Supplier work in a cluster for buyer 1 to buyer

by producing product 1

to product . The order for processing different product types can involve different rates
and different batch sizes. For example, product 1 requires three operations and product
requires four operations. Both supplier 1 and supplier are capable to perform four types
of operation. Two operation types are the same between the suppliers. A transport
decision follows the supplier selection; products can be transferred individually or in a
6

batch. The transportation time varies depending on the relative distances among the
suppliers and also with buyers.

Figure 1.3

A conceptual model of internal operations

Figure 1.3 provides a conceptual model for implementing six system factors
(CPC, TD, TDB, QL, AL, and SSC,) with a design factor, SFL, for any design factors
(i.e., number of buyers, number of suppliers, number of products, etc.). This conceptual
model is only for a single supplier and a single buyer. Buyer(s) can order any quantity of
7

a number of product types from the suppliers. First, the buyer receives a decision request
from a supplier as to where to send a product for a subsequent processing. It then queries
the available suppliers’ status. The quality of the query results depend on the information
systems delay TD and availability AL. The buyer selects the supplier, based on the size
or work content of the queues. This decision making time varies based on the buyer
decision making delay TDB present in the system. The buyer places an order to the
supplier and the order waits in the supplier queue based on the other orders in the system.
Orders can come from the supplier itself and / or the other suppliers. When an order is
processed by the supplier, it then waits for a transportation decision from the buyer. The
processing time is the same for original supplier and varies for alternative supplier based
on the level of CPC. It also varies for necessary rework based on the level of QL present
in the system. After receiving the decision, the supplier sends the order to the next
supplier for next operation. The buyer receives the final product when all of the necessary
operations are completed on the product.
1.2

Problem statement
Most of the research in the FSC domain focuses on the design and analysis of

some specific problem, i.e., a specific set of design factors and values and lacks an open
general model in structure. In order to effectively analyze and design FSCs, a variety of
factors need to be considered. Chan et al. (2009) provides a very detailed literature
review about the FSC problem and presents suggestions for future research, but there are
no guidelines for the design and analysis of FSCs. To fully appreciate the importance,
adequacy, and effectiveness of FSC systems, the following questions are explored in this
research:
8



What are the important modeling factors for the design and analysis of
FSCs?

1.3



Why are the factors important and what are their effects?



How should an FSC be modeled?



What source of variability should be incorporated into an FSC model?



How does variability in an FSC impact lead time?

Objectives
The main objectives of this research are to identify and analyze important design

and system factors for FSCs, to understand the effect of these factors, and to develop a
discrete-event simulation model of FSC that considers most of these factors. The focus is
on buyer-supplier interactions. It does not consider the other parts of the supply chain
structure such as inventory issues of the supplier, scheduling problems of the supply
chain, issues related to final customers, etc. To achieve the goal, the following tasks will
be undertaken:


Identify, define, and describe design and system factors of an FSC and
develop taxonomy of these factors.



Develop an FSC discrete-event simulation model that considers the factors
listed in the framework.



Identify important deterministic factors for conducting experiments.



Assess the effect of variability in several key factors on performance
measures.

9

1.4

Objectives
Figure 1.4 shows the overall research plan. The planned structure of the

dissertation is as follows:
Chapter 2 surveys the literature in five areas related to this research: reasons for
FSC, supply chain flexibility, different approaches for solving supply chain problems,
contributions of simulation for solving supply chain problems, and specifying
distributions in the absence of data.
In Chapter 3, provides a taxonomy and discussion of important design and system
factors of an FSC. An open general FSC model developing framework is also provided.

Define important flexible supply chain factors and incorporate into a framework

Develop a conceptual model of the interactions of the framework’s factors
Develop and validate simple simulation models considering each factor (in FlexSim)
Develop and validate a base case simulation model ( Chan et al. 2009) by
incorporating simple models (in FlexSim)
Develop a deterministic version of the simulation model to perform what-if analyses
of the assumptions in the model based on Chan et al. (2009)
Develop a methodology for using the triangular distribution in an experimental
context. Define the triangular distributions location parameters in terms of moments
and percentiles
Develop a stochastic version of the simulation model to perform analyses regarding
variability in the model; conduct experiment and analyze results

Figure 1.4

Research plan
10

In Chapter 4, a conceptual simulation model is developed that includes a wide
number of factors to support the design and operation of an FSC. A person
knowledgeable in simulation can use the conceptual model to develop a simulation model
to address design and system factors. Since a deterministic model does not represent
reality, it is important to understand the impact of factors described above in a stochastic
environment. The triangular distribution will be used to introduce variability into the
model. An example of a stochastic version of the simulation model is developed where
variability is introduced in the process time. A deterministic version of the simulation
model is used to perform sensitivity analyses. The analyses will start with the model
developed by Chan et al. (2009).
In Chapter 5, a methodology is present for using distribution moments and
percentiles rather than or in conjunction with, location parameters to define a triangular
distribution.
In Chapter 6, the overall research contribution is presented. It also provides a
direction for future research. Future research will provide a user friendly more interactive
interface for using this model in FlexSim.

11

CHAPTER II
LITERATURE REVIEW

The supply chain is the lifeblood of businesses, and flexible supply chains
improve business’s abilities to compete. The word “flexibility” has a multiplicity of
meaning in the supply chain literature. It can mean flexibility in processes, logistics,
products, suppliers, or customers. This diversity in meaning presents a special challenge
to the measurement of flexibility.
Supply chain management (SCM) strives to optimize supply chain performance.
Currently, it is hard to find a business that is not concerned with supply chain
management (SCM). During the last few decades, both the academicians and
practitioners are interested in SCM, as indicated by this review. This review identifies
potential analysis issues as well as various evaluation approaches. Various academic
disciplines have contributed to the literature on SCM.
There are two fundamental views of supply chains: the internal supply chain and
the external supply chain (Lee et al. 2002). The detail description is that the internal
supply chain of an enterprise focuses on functional activities and processes and on
material and information flows within the enterprise. In this case, SCM may be viewed as
the integration of previously separate operations within a business enterprise. But the
external supply chain of an organization includes not only the organization, but also the
suppliers of the company, the suppliers’ suppliers, the customers of the organization and
12

the customers’ customers. In this research, SCM mainly focuses on integration of
operation and cooperation between an organization and a cluster of suppliers.
2.1

Supply chain risks and need for an FSC
Integration of all of the steps involved in producing a product, from gathering the

raw materials to delivering it to the end consumer, is known as a supply chain (Mabert &
Venkataramanan, 1998). Advanced SCM is necessary to be a market leader. There are
some potential risks attached with supply chains’ overall performance. Christopher and
Lee (2001) studied risks taking into consideration of visibility of information and
reliability of participants. The essential argument is that a supply chain in a high-risk
cannot be competent and cannot achieve the confidence of managers functioning in the
supply chain. The solution provided by Christopher & Lee (2001) finds ways to enhance
confidence in supply chains applying visibility and control. Potential supply chain risks
comprise delays, disruptions, inaccurate forecasts, system breakdowns, scholarly property
breaches, procurement failures, inventory problems and capacity issues where the
companies’ surviving level depends on the level of their awareness (Chopra & Sodhi).
Supply-chain risks can turn into supply-chain problems, causing unexpected
changes in flow due to interruptions or delays. To achieve coordination or integration
among the supply chain partners, identifying and managing the potential risks is
necessary. The more the supply chain is integrated with the other supply chain partners,
the greater the chance of being affected by any disturbance anywhere in the integrated
supply chain. Supply chain risk can be defined by certain and uncertain outcomes of
known and unknown outcomes of supply chain variables (Dowling & Staelin, 1994,
Knight, 2012).
13

For reducing risk and improving supply chain performance, it is important to
design a supply chain properly and analyze its performance. Supply chain developers
need to be aware of and minimize risks. Supply chain flexibility is a potential choice to
reduce risks. Table 2.1 shows some supply chain risk sources and their causes.
Table 2.1

A variety of risk in supply chain with their drivers (Chopra & Sodhi)

Risk categories

Risk drivers

Disruptions



Natural disaster



Labor dispute



Supplier bankruptcy



War and terrorism



Dependency on a single source of supply as well as the

capacity and responsiveness of alternative suppliers
Delays



High capacity utilization at supply source



Inflexibility of supply source



Poor quality of yield at supply source



Excessive handling due to border crossings or to change

in transportation modes
Systems



Information infrastructure breakdown



System integration or extensive systems networking



E-commerce
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Table 2.1 (continued)
Forecast



Inaccurate forecast due to long lead times, seasonality,

product variety, short life cycles, small customer base


“Bullwhip-effect” or information distortion due to sales

promotions, incentives, lack of supply chain visibility, and
exaggeration of demand in times of product shortage
Intellectual property

Procurement



Vertical integration of supply chain



Global outsourcing and markets



Exchange rate risk



Percentage of a key component or raw material procured

from a single source

Receivables

Inventory

Capacity



Industry wide capacity utilization



Long-term versus short-term contracts



Number of customers



Financial strength of customers



Rate of product obsolesce



Inventory holding cost



Product value



Demand and supply uncertainty



Cost of capacity



Capacity flexibility

15

This research addresses some risk drivers, in the risk categories of disruptions,
delays, and systems.
2.2

Flexible supply chain
A good number of researches have been done on buyer–supplier relationship

management, one perspective of SCM. However there is not much research in FSC
management. Supply chain integration is necessary for creating flexibility and agility in
the supply chain (Christopher & Towill, 2001). Morlok & Chang (2004) define flexibility
as “the ability of a system to adapt to external changes, while maintaining satisfactory
system performance.” They also define external changes as “uncontrolled conditions that
affect the system, including changes in level of demand or use, shifts in spatial traffic
patterns, infrastructure loss and degradation, and variation in the price and ease of use of
important resources such as fuel, etc.” (Morlok & Chang, 2004). Integrating product
maturity plans and product designs with suppliers lead time for less investments and
shorter cycle times (Ragatz, Handfield, & Petersen, 2002). Integrating with customers
gives supply chain members better knowledge of demand and enables a more accurate
forecast and plan of response to meet the demand (Lee, So, & Tang, 2000). However, this
combination must be followed by coordination, collaboration, and same objectives to
allow the supply chain to reap the benefits of integration and obtain competitive
advantage against other supply chains (Lee, So, & Tang, 2000, Lee, 2004).
Cross-functional integration is very important for successful SCM and achieving
it is a great challenge. Supply chain integration and the role of information sharing are
discussed by Lee & Whang, (2004), where they discuss the role of the Internet and its
impact on business-to business interaction, especially in SCM. Information integration is
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the foundation of supply chain integration; the ability of supply chain members to get
right of entry to distribute information regularly is a key factor for improving supply
chain performance (Lee & Whang, 2004). Basically, supply chain integration creates a
relationship between internal and external practices or processes of an organization. It
transforms the supply chain structure and also makes changes on the supply chain
strategies.
Coordination of products and information flow among various entities in the
system is a key to SCM (Zhao, Xie, & Leung, 2002). Information sharing for better
supply chain performance is important to this research. A study was performed to see the
effects of information sharing in a two-echelon supply chain (Moinzadeh, 2002). Based
on the numerical results found by the study, it is identified that the parameter settings
under information sharing is most beneficial than the system that do not use information
in their decision making. Coordination is a process that manages the flow of materials,
finances and information among supply chain partners and connects all nodes in the
supply chain network (Bao, 2011). These connections permit the entire supply chain to be
considered as one system, with coordinated activities and decision making based on
information provided by the members (Bao, 2011). Lee, Padmanabhan, & Whang (1997)
express that distorted information in supply chains can misguide upstream members in
both their stock and manufacturing decisions. The more upstream members in a supply
chain, then the more the magnitude of distortion of information; this is called the
“bullwhip effect” which invokes additional inventory and production costs. Supply chain
coordination can help to increase the profits by fulfilling the system goals (Weng, &
McClurg, 2003).
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2.3

Approaches for solving supply chain problems
There are several approaches to address supply chain problems. Analytical

methods, physical experimentation, optimization, and simulation are the four main means
for addressing supply chain problems.
Analytical methods cannot consider all variables in a supply chain, and especially
those that are stochastic. As a result, analytic methods cannot handle the dynamics of
supply chain variables (Lee et al. 2002).
Physical experimentation is also difficult because of its technical and cost related
limitations.
Supply chain optimization is the use of processes and techniques to suggest best
operation of a production and distribution supply chain. While, optimization has been
used to find solutions to supply chain problems, there are operational and scheduling
problems where finding an optimum solution is infeasible. Key business issues that
cannot be handled by optimization were demand variance and forecast error, and when a
parameter in optimization problem slightly changes, the demand forecast may change,
and the optimal answer may dramatically change (Nabavi, 2006). If the demand forecast
is an estimate, then simulation is a good choice for analyzing the supply chain and for
evaluating effectiveness of a specific factor (Nabavi, 2006).
Simulation is a method for dealing with stochastic variables and is an effective
tool for analyzing dynamically varying supply chain variables (Lee et al. 2002). The
application of simulation for determining efficient FSC models plays a pivotal role. The
number and diversity of simulation models used to address supply chain problems are
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extensive, and advances in computing technology have excelled to the increased
popularity of simulation modeling (Forgie, 2008).
Simulation models capture the dynamics of systems and collect data about the
outcomes of a system (Nabavi, 2006). Simulation models use a depiction of a system to
represent the behavior of that system as it changes over time; the model is a concept
based on represent able causal relations exhibited by the real system (Forgie, 2008).
Simulation is the process of designing a mathematical computerized model that
follows the rules of a real system; changing the state of a model and measurement of
outcomes helps to understand the behavior of the system or to estimate the likelihood of
outcomes under different scenarios (Nabavi, 2006). Ingalls (1998) discusses the reasons
of using simulation as the analysis process to assess supply chains, and its merits and
demerits compared to other investigation approaches such as optimization, business
scenarios, etc. Kelton & Law (2000) explain the advantage of simulation. They state,
“most complex, real-world systems with stochastic elements cannot be accurately
described by a mathematical model that can be evaluated analytically”.
2.4

Simulation for solving supply chain problems
The main objective of simulation is to design a model of an actual or theoretical

physical system, thus making an effective tool for solving complex problems (LópezValcárcel & Pérez, 1994). Simulation modeling is an approach for solving large-scale
problems. It describes the developed computer model, true representation of the system,
to predict the operational performance of the system.
Numerous books deal with the general topic of simulation; for example (Kelton &
Law, 2000, Banks, 1998, Banks et al., 2005, McHaney, 1991, Pooch, & Wall, 1993, and
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Ross, 1990). In addition, many more books deal with the design, application, and use of
specific simulation languages and packages; for example (Dunning, 1985, Harrell, 2003,
Kelton, Sadowski, & Sadowski, 2002, Pegden, Sadowski, & Shannon, 1995, Pritsker,
1995, Winston, 1995, and Carrie, 1988). Moreover, there are several annual conferences
dedicated to simulation methodology, technology, tools, and applications (the Winter
Simulation Conference, the Summer Computer Simulation Conference, Simulation
Solutions, EUROSIM, PADS, Symposium on Theory of Modeling and Simulation, etc.).
Banks et al. (2002) discuss supply chain simulation as being different from other
applications of simulation. They indicate that one major difference is that supply chain
models contain information flows along with the flow of materials, whereas the
simulation of manufacturing systems typically only considers material flow (Banks et al.,
2002). Fleisch & Tellkamp (2005) use a simulation to understand the impact of
inaccurate inventory information on supply chain performance.
The main obstacles of supply chain simulation is the complex nature of supply
chains (Manivannanm, 2007). Other modeling challenges highlighted by Manivannan
(2007) are the absent support for logistic processes and the unknown features of
simulation in the logistics process.
Any model’s level of detail as being one of the major difficulties in supply chain
simulation (Jain et al., 2001). It is common to simulate at a level of detail that does not go
with the purpose of the analysis. Therefore, the choice of the level of detail is an
important issue in supply chain models. The model must also be reliable in order for the
outcomes to be valuable. Other challenges for supply chain simulation is the wide use of

20

optimization methods in logistics and the fact of many problems with a closed-form of
solution.
Chan & Chan (2005) use simulation for developing and testing five different
supply chain models under three different categories: inter-organizational supply chain,
network supply chain, and regional clustering supply chain. To evaluate the performance
of the supply chain models four parameters are used -- inventory level, average order lead
time, transportation cost, and resources utilization.
There are mainly two simulation approaches which are used in SCM. These
approaches are the continuous and discrete-event simulation approaches. In a continuous
simulation approach, states vary continuously. In a discrete-event simulation system, one
or more phenomena of interest change value or state at discrete points in time rather than
continuously with time (Fishman, 2001). Discrete event simulation approach is discussed
in the next section.
2.5

Discrete-event simulation
Supply chain simulation helps to evaluate supply chain performance in terms of

lead time, cost, and service level. Traditionally, what-if scenarios were the main means of
supply chain analyses. Lee et al. (2002) stated that “Many simulation models have been
built to facilitate the use of simulation in designing, evaluating, and optimizing supply
chains". Most supply chain simulation models have been developed on the basis of
discrete-event simulation.” Discrete event simulation (DES) seems to be widely used
because of its execution efficiency and applicability to represent systems. In this work,
simulation is used as a research methodology to analyze the behavior of order lead time
and cost based on several operational and design factors. DES is a precise technique of
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operations research, and numerous excellent descriptive texts are presents; for example
(Kelton, & Law, 2000, Goetschalckx, Vidal, & Dogan, 2002, and Shapiro, 2001). The
main causes to use discrete event simulation for system analysis in SCM are (i) including
system dynamics and (ii) model simplification. Discrete-event simulation is best suited
for studies where time- dependent relations are analyzed. Simulation has the capability of
capturing ambiguity and difficulty that matched well for supply chain analysis (Jain et al.,
2001).
DES models are very popular approaches for supply chain problems.
Sophisticated DES packages are available today and are be able to provide a more
complete simulation facility; for example ARENA, Promodel, FlexSim, Witness, etc.
Terzi & Cavalieri (2004) present a complete survey of over 80 simulation studies that
demonstrates the illustration of discrete-event simulation methods as one of the main IT
enablers for developing a collaborative environment among logistics tiers in a supply
chain context.
2.6

Specifying distribution in absence of data
Simulations need processes and activity attributes to be specified in terms of

probability distribution. Oftentimes data are collected from activities and used to estimate
and specify the underlying distribution. However, in many cases data are unavailable.
Expert opinion, process bounds, distribution moments and percentiles are some examples
of the information that may be used to specify a distribution. Experts are the mostly
familiar people with the processes that will be modeled, and their opinion is valued.
The upper and the lower limits of process attributes, e.g. service time, can define
the distribution. A commonly used strategy in unavailable data is to use the triangular
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distribution and expert opinion. It is mentioned that correct information from the expert
helps to identify the distribution for modeling purposes (Biller & Gunes, 2010).
The triangular distribution is typically specified by three location parameters
(minimum, maximum, and most likely); however, in research studies to analyze, say the
effect of variability on performance, the modeler needs to control or specify parameters
other than location. A methodology is developed, as described in Chapter 5, which
enables the triangular distribution to be specified by any combination of the three
location parameters and the first three moments of the distribution. That is, the approach
provides a means to use distribution moments in place of, or in conjunction with, location
parameters to find the parameters needed to specify the triangular distribution in most
simulation software. For example, this approach can provide the needed location
parameters when varying the level of variability (coefficient of variation) and holding
shape (skewness), and the mean constant.
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CHAPTER III
A MODELING FRAMEWORK FOR FLEXIBLE SUPPLY CHAIN SIMULATION:
OPPORTUNITIES FOR IMPROVED PERFORMANCE

As used for the course Special Topic in GE, Summer 2013 (GE-6990-01-201320)
3.1

Abstract
To effectively analyze and design a flexible supply chain (FSC), a variety of

variables need to be considered. This research presents a framework as an extension of
Chan et al. (2009) by defining a more extensive yet salient set of key variables for
developing FSCs. The objective of this study is to highlight the flexibility’s importance
by defining the variables and their effects in the supply chain and to present a framework
for the development of a FSC model considering those variables. The need for flexibility
is vital as it provides opportunities to improvise the supply chain and increase its
durability. The framework is based on flexibility variables coming from design and
system perspectives, and the goal of this theoretical framework is to propose practical
strategies for academicians and practitioners to consider in designing, developing, and
analyzing a model. Finally, the use of FSC framework is illustrated by a case example.
Keywords: Flexibility variables, Simulation, and Flexible Supply Chain
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3.2

Introduction
Globalization, customization, product variation, and short product life make the

business environment very dynamic and unstable. This unstable environment requires
companies to react quickly for maintaining a smooth flow. Flexible supply chain (FSC) is
a potential option for maintaining a smooth flow in today’s business situation, but
achieving FSC is not easy. Transformation is necessary to change from a traditional
supply chain process to a FSC. Usually, a supply chain network is a complicated system
that consists of a network of suppliers and buyers through the integration of an
information system. Therefore, flexibility is essential to supply chain efficiency.
FSC is gaining importance because companies will achieve competitiveness in the
global environment if they are flexible enough to adapt with changes (internal and
external). Changes can come from different directions: changes in demand, changes in
production quantity, changes in lead time, changes in quality, and so on. Flexibility
permits the decision makers to switch production among various suppliers that helps the
organizations adapt to internal and external changes (Chen, Egbelu, & Wu, 1994). The
production order and the transport decision are two critical variables that have an extreme
impact on orders lead time (Garavelli, 2003). In order to evaluate the impact of systemcomponent flexibility on the whole system, the production network must be coordinated.
Data from studies on FSC, found in the literature, show supply chain as a principal
concern of operations managers (Duclos, Vokurka, & Lummus, 2003).
This research attempts to understand the importance of FSC variables and their
interactions in a FSC model. The objectives of the study are: (1) to define and understand
the importance of FSC variables; (2) to classify the variables under reasonable category;
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flexibility in five areas: product, volume, launch, access, and responsiveness. Nemeth
(2008) define each of these types of flexibility under the topic of dimension of flexibility
to understand and manage it strategically with a comprehensive literature review on FSC.
Product flexibility is the capability to handle products with various features, alternatives,
dimensions, and colors. Volume flexibility allows the system to raise or reduce total
manufacturing for fulfilling the customer demand. Launch flexibility is the capability to
quickly set up many new products and product varieties that require the integration of
various activities through the entire supply chain. Access flexibility is the ability to
provide extensive wide delivery coverage. Responsiveness flexibility has the overall
ability to react to the requirements of its target markets quickly. Sanchez & Perez (2005)
also explore the dimensions of supply chain flexibility, relationship among them, and
firm performance for a case study of automotive suppliers with the help of hypothesis
testing. The results of their research contribute to a better understanding of the forces and
constraints that companies face with flexibility capabilities.
Several papers focus on numerous features of FSC. Some researchers focus on the
functional aspects of FSC, such as flexibility in functions, promotions, and logistics
(Kim, 1991; Lynch & Cross, 1992). Flexibility at different levels (e.g. machine or
production level, cell or unit level, plant level, corporate level) receives attention in some
studies (Slack, 1987; Gupta, 1993; Koste & Malhotra, 1999). In particular, measurement
aspects (for instance, paying attention on overall flexibility measures vs. context) are
highlighted by some researchers (Chung & Chen, 1990; Gupta & Somers, 1992; Sarker,
Krishnamurthy, & Kuthethur, 1994; De Groote, 1994). According to Nakane and Hall
(1991) and Gerwin (1993), a strategic aspect is an important variable in the supply chain
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flexibility. Time horizon aspects such as long-term and short-term flexibility are analyzed
by Zelenovic (1982). The most interesting aspect of flexibility is the operational aspect
that deals with flexibility of product, mix, and volume (Browne et al., 1984; Sethi &
Sethi, 1990; Hyun & Ahn 1993; D'Souza & Williams, 2000). Gerwin (1993) focuses on
the study of standard flexibility strategies, the flexibility scope, delivery methods,
evaluating and changing ways to process's flexibility, and all measurement problems.
Vokurka & O'Leary-Kelly (2000) present a complete contingency-based framework for
investigative the content associated issues involving the relationships and variables
included in past studies on manufacturing flexibility. Garavelli (2003) has evaluated the
output of various arrangements of a supply chain in order to support the choice of
appropriate flexibility levels of the process network. To improve the performance of costbased flexible supply chains, Wadhwa et al. (2008) present a framework of dynamic
supply chains and developed a simulation model for it. Their simulation model is limited
to five members: manufacturer, distributor, warehouse, retailer, and customer. They have
also assumed that the product is not produced by different manufacturers and that
uniform product flow is produced by only one supplier. Their simulation model can
handle only one type of product.
Based on a case study of a manufacturing company and theoretical framework,
Pujawan (2004) assesses supply chain flexibility in four main parts: product delivery
system, production system, product development, and supply system. In each of these
parts, a number of pertinent elements are defined, and model development instructions
are missing. A number of researches are found for supply chain flexibility that considers
the supply chain from different aspects; however, there is no simulation model
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development instruction is provided for a wide number of variables for a dynamic supply
chain. In this study we are filling that gap by providing a wide number of variables with a
simulation model development instruction or a conceptual model.
Sometimes researchers make assumptions to bring exclusively the impact of the
particular variables' into the simulation model. For example, Chan et al. (2009) make
some assumptions to study the effects of suppliers’ flexibility and the information
automation level absolutely on the output. They show the effect of physical and operating
characteristics of the supply chain and the information system in their study. Sometimes
researchers evaluate alternative supply chains to get a better performance. For instance,
Persson & Olhager (2002) examine various performance measures in supply chain
designs, such as quality, lead-times, and costs, to enhance the understanding of mutual
interrelationships and other relevant parameters necessary to design the supply chain
structure. There are various kinds of supply chain structures with different kinds of
characteristics. Simulation is an option to study the performance of a system and analyze
the system for the improvement of the system. Several researchers considered supply
chain flexibility from various perspectives for research purposes. Some researchers only
described the flexibility dimension (Calantone & Dröge, 1999), some researchers
developed simulation model for a specific problem (buyer-supplier cluster approach) and
conclude the results (Chan et al. 2009), and some researchers developed conceptual
model for flexible supply chains (Duclos et al., 2003). Though Duclos et al. (2003)
developed conceptual model for FSC, the research did not propose any simulation testing
model. It considers as a theory-building research and offers suggestions for future
theoretical research. Since nobody considered flexibility in supply chain simulation for
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modeling and analysis purposes, we have developed a framework for a flexible supply
chain from the perspective of the capability to develop simulation model for the analysis
purpose for improved performance. We have defined these various viewpoints of
flexibility variables of supply chains and listed them in four tables for a buyer-supplier
cluster approach.
In order to effectively design flexible supply chains, a number of variables must
be considered. We identify and define a framework of important variables for flexible
supply chain design and analysis. We divide the variables into two broad categories:
system variables and design variables. System variables are used to describe the system
and provide the foundation for the simulation model. It defines the relationships among
buyers and suppliers, order characteristics, internal supplier operations, etc. Design
variables include decision variables that can be controlled and are used to improve the
system; they are divided into two main categories: those internal to a supplier and those
internal to a buyer. Performance measures are also an important category of variables to
discuss some potential ways to evaluate the systems. These, along with other key
elements of the modeling and analysis process, are shown in Figure 3.1. It (Figure 3.1)
shows the analyses that are employed to identify and assess ways to improve the
operation of a system (e.g. the best level of supplier flexibility) based on results obtained
from experiments performed with a discrete-event simulation (DES) model of the buyersupplier system. Figure 3.1 also shows that experimentation variables (e.g., number of
replications, stopping criteria) are key inputs to any simulation model to measure
required performance. Specification of the variability in the system is also a key input to
simulation. It is shown as a major input of the system variables. For the purpose of
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experimentation and analysis, we use an approach for specifying the parameters of the
triangular distribution, described in Jannat and Greenwood (2012).

Figure 3.1

Process for using simulation modeling and analysis to design flexible
supply chains

In the next section, we describe the process of simulation modeling and analysis
to design flexible supply chains in detail.
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3.4

Description of key variables of the framework
In this study, the decision making cycle is viewed as an integral part of FSC

development, and the important variables necessary for building a FSC model are
described in this section. The basic model is taken from Chan et al. (2009) that is problem
specific and limited in variables. Chan et al.(2009) described two potential system
variables (CPC and TD) and a design variable (SFL) for a specific set of other system
variables to analyze a FSC model, where a cluster of six suppliers process an order for a
buyer. It is assumed that the suppliers are equally capable within the cluster for serving a
number of buyers. However, it is easy to relax the FSC further by making some changes
in the model development process where each supplier will be different in capabilities
and performance as well as order processing. Since the research done by Chan et
al.(2009) is inadequate to follow by the researchers and practitioners for the simulation
modeling and analysis purpose, this study attempts to explore more variables for a more
general case. We have incorporated the flexibility variables coming from various
directions into some broad categories that are from several other researches or defined in
this study for a buyer-supplier cluster model. We have described the variables in the
frameworks in four broad categories (system variables, design variables, performance
measures, and experimentation variables) mentioned in the previous section.
3.4.1

System variables
System variables are necessary to describe a method in details. The main

components of the system variables are network topology, order characteristics, product
characteristics, process capabilities, transportation characteristics, and operation
variables. Network topologies define the network elements and how they are connected
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with each other. It shows the backbone of a buyer-supplier model. The order
characteristics are the combination of information about the product, process, and
transportation decision. Operational variables describe the functioning condition of a
system. Table 3.1 to Table 3.6 show the conceptual framework for system variables. The
detail explanation of each table is also provided below.
Table 3.1

A conceptual framework for defining network topologies

SYSTEM VARIABLES
A.

Network topologies

Description

1. Number of buyers,
2. Number of suppliers,
3. Time unit,
4. Distances between suppliers,

Table 3.2

The measuring unit for time
Distances between suppliers in the cluster

A conceptual framework for defining product characteristics

SYSTEM VARIABLES
B.
Product characteristics
1. Product types,
2. Order quantity for product

Description
Types of product in an order
Production size is equal to order
size (make to order)
Required number of operations for a
product type

;

3. Operation on a product type of order
. Operation

3.4.1.1

Network topologies
The number of buyers is the total number of potential buyers present in the system

for receiving services from the cluster of suppliers. A supplier cluster can work for
multiple buyers. For each buyer, the order for different product types will have an
identification number/sign, which will help the system to sort the product for sending the
product to the respective buyer after the product is produced.
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3.4.1.2

Product characteristics
Different product types can be processed by the buyer-supplier cluster model. The

supplier cluster can produce any number of product types for any number of buyers.
Table 3.3

A conceptual framework for defining order characteristics

SYSTEM VARIABLES
C.
Order characteristics
1. The -th order from buyer to supplier of type
of quantity ,
2. Arrival time for an
order
is
3. Buyer-suppliers priority assignment for an order,

3.4.1.3

Description
Number of order is
The instance of time an order arrives
Assignment of priority to the buyer

Order characteristics
An order from buyer

exemplified as

to supplier ,

for product type with quanty

. An example of this representation is

is
which

represents an order from buyer 1 to supplier 3 with two product types (1 and 3) with the
production quantity of 50 and 40 each, respectively.
Arrival time for an order

arrives at supplier is denoted as

. Buyers-

suppliers priority relationship is the assignment of priority to the buyer by the supplier
depending on the relationship or the contract between particular suppliers to a particular
buyer. The most to least priority buyers are numbered from 1 to some number for a label
"Priority", and in the waiting queue the buyers are sorted according to this label value in
ascending order.
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Table 3.4

A conceptual framework for defining process characteristics

SYSTEM VARIABLES
D.
Process characteristics
Description
1. Suppliers set who can perform operation on product Capable suppliers to perform an
operation on a product type
type at various flexibility level
Best production time for an
2. Process time of operation on product
operation
Best production cost for an
3. Process cost of operation on product
operation
4. Production capacity of a supplier performing an
All suppliers run into their full
operation . If a supplier runs into full capacity, then
operational capacity
; it can also run less than its capacity by shift
arrangement ( ),

3.4.1.4

Process characteristics
A list of suppliers who can perform operation on product type at various

flexibility level is

. An example of suppliers list at five suppliers flexibility

level for Operation 1 of Product 3 is

; it represents Supplier 2 is for SFL

1 and 3, 4, 1, 5 are for SFL 2, 3, 4, and 5, respectively. The buyer can choose the supplier
for each operation of each product based on the operational requirements and suppliers’
status. Suppliers’ capacity is also an important variable. Supplier can schedule their shift
and time tables for operations. In the simulation model, we have assumed full operation
for all suppliers.
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Table 3.5

A conceptual framework for defining transportation characteristics

SYSTEM VARIABLES
E.
Transportation characteristics
1. Transportation time based on transportation mode
and corresponding time variable
is
[for last supplier to buyer ,
]
2. Transportation cost based on transportation mode
and corresponding cost variable
is
[for last supplier to buyer ,
]
3. Transportation quantity of order
is

3.4.1.5

Description
Shipping time from one supplier
to another
Shipping cost from one supplier
to another
Shipping quantity from one
supplier to another supplier or
final buyer

Transportation characteristics
Transportation time (deterministic or stochastic) is the time required to transfer

products among the suppliers and/or between the supplier and buyer. In deterministic
transportation time, the transportation time varies from low to medium to high, depending
on the relative distances among the suppliers. The suppliers in a cluster can be located in
close proximity: within a production facility or in limited proximity, within a country or
in distant proximity, internationally. Transportation time also depends on the
transportation mode (road, rail, air, and sea (Wadhwa, et al. 2008)). Transportation time
is based on transportation mode

and corresponding time variable

(for last Supplier

to buyer , it is

transportation time is

.

,

). Therefore, the total

Transportation cost (deterministic or stochastic) is the cost required to transfer
products among the suppliers and/or between the supplier and buyer. In deterministic
transportation cost, the transportation cost varies from low to medium to high, depending
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on the relative distances among the suppliers. The suppliers in a cluster can be located in
close proximity: within a production facility or in limited proximity, within a country or
in distant proximity, internationally. Transportation cost also depends on the
transportation mode (road, rail, air, and sea (Wadhwa, et al. 2008)). Transportation cost
based on transportation mode
(for last Supplier

and corresponding cost variable

to buyer , it is

transportation cost is

is

). Therefore, the total

.

Transportation quantity is the amount of products that can be transferred to the
next supplier at a particular time. It can be shipped individually or in a batch.
Transportation quantity of order
Table 3.6

is

.

A conceptual framework for defining operational variables

SYSTEM VARIABLES
F.
Operational variables
1. Change in Physical Characteristics at level
for supplier
2. Time Delay for buyer from supplier
through information system,
3. Time Delay Buyer to send decision from
buyer to supplier ,
4. Availability Level of suppliers ’s
information systems to buyer,
5. Quality Level at for
6.

7. Coefficient of Variation,
8. Skewness
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Description
Percentage increase in processing time
due to being an alternative supplier
Time required to update the supplier
status through the information system
Time needed by the buyer to select a
supplier for the next operation
Accessibility of the supplier’s
information system
Extra time required for rework or
produce additional quantity of products in
order to meet the ordered quantity
Proportion of Process and Transportation
Time

In the simulation model, we have considered per unit transportation for the study,
which can be relaxed easily by assuming per unit as a batch and multiplying the
individual process time with the number of quantity present in the batch.
3.4.1.6

Operational variables
Operational variables represent the working condition of a system. Change in

Physical Characteristics (CPC) is the percentage increase in processing time due to being
an alternative supplier (Chan et al. 2009). Since the original supplier is devoted to
performing one operation on a product, the production process setup is available for the
main operation. On the other hand, the substitute supplier does not have the setup for the
extra operation on a product. Therefore, if the substitute supplier wants to perform an
operation, he needs to make some changes in his arrangement. Depending on the
deviation from the production process setup from the setup necessary for the new
operation, the CPC level will vary. Examples of CPC classification into three levels are
Low, Moderate, and High, which represents that the alternative supplier(s) need the same,
10% more, and 20% more time to process an operation than the original supplier,
respectively. In the simulation model, we increase the process time by some percentage
for the alternative suppliers based on the CPC level present in the system. Change in
Physical Characteristics at level

(3.1)
Time Delay (TD) is the time required to update the supplier status information
through the information system (Chan et al. 2009). The buyer is connected to the supplier
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through an online information system; a time lag between the information update and the
original event occurs when the suppliers share information with the buyers through the
information system. Time lag also varies from each level of TD to the other level of TD.
Examples of TD classification into three levels are Low, Moderate, and High, which
represents that the online information system needs 1, 50, and 100 time units,
respectively, to update supplier status information. In a simulation model, the queue
content or work content information is collected from a dummy queue, which represents
the information delay by keeping the products for some extra time. Time Delay for buyer
from supplier through information system

is given by,
(3.2)

Time Delay Buyer is the time the buyer needs to select a supplier for the next
operation. Though the information is available through the information system to the
buyer, the buyer usually takes some time to make a decision to select a supplier for the
next operation on the product. This time also varies on the level of the variable of TDB.
In practice, there is a high chance that a buyer will make some kind of delay to decide a
supplier for the next operation. This delay will be captured by the system through the
variable TDB. Examples of TDB classification into three levels are Low, Moderate, and
High, which represents that the buyer needs to select the next supplier for next operation
on the product is 1, 50, and 100 time units, respectively. In the simulation model, orders
wait in a queue for the decision coming from the buyer. This adds some time to the
simulation model as a waiting time for receiving decision from the buyer. Time Delay
Buyer is to send decision from Buyer

to Supplier ,
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, is given by,

(3.3)
Availability Level is the accessibility of the supplier’s information system. The
updated status information of the supplier depends on not only the availability of the
information present in the system but also the availability of the information system to
the buyer. The information system is not available all the time for the buyer to make the
decision. This unavailability will be captured by the variable AL. The unavailability
makes the system slow and provides long lead time. The percentage of time that the
information system is available is determined by AL. Examples of AL classification into
three levels are Low, Moderate, and High, which represents the percentage of time
suppliers’ online information system is down for 0%, 10%, and 20%, respectively. In the
simulation model, we are randomly dropping a supplier with various percentages
depending on the level of AL from consideration because of the unavailability of the
information system. Availability Level of Suppliers ’s information systems to Buyer ,
, is given by,
(3.4)
Quality Level is the level of extra time required for rework on the produced
product or producing extra quantity in order to meet the ordered quantity. QL depends on
the perfection level of the suppliers’ production systems. If the product quality of the
supplier is high, then the supplier does not need to rework or produce more to supply the
required number of products to the buyer. Thus, depending on the level of QL, the
supplier requires extra time for producing a fixed number of deliverable products. A
supplier with no or a very low rejection rate will not spend extra time for rework or more
production to fulfill the required ordered quantity. However, a high rejection rate has a
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significant impact on the lead time calculation. When the rejection rate is very high, the
lead time becomes long. Examples of QL classification into three levels are Low,
Moderate, and High, which represents that the percentage of increasing process time to
produce extra quantity or rework are 0%, 10%, and 20%, respectively. In the simulation
model, we are adding extra time in some percentages to produce extra amount or perform
rework. Quality Level at that builds,
(3.5)
Proportion of Process and Transportation Time (PPTT) is the measure that
provides the information of process and transportation time percentages into the
operation time. This proportion varies based on the product types and the relative
distances among the suppliers. This variable represents a ratio of process time with the
total process and transportation time. Proportion of Process and Transportation Time of
process time of operation on product and transport them through mode

from

supplier to is given by,

(3.6)

For international suppliers, the transportation time is usually higher than the local
suppliers’ transportation time. Therefore, the PPTT ratio is higher for local suppliers and
lower for international suppliers. Example of

classification into three levels is Low

(0.25), Medium (0.75), and High (1), which represents the percentage of process time of
operation time is 25%, 75%, and 100% respectively.
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Coefficient of Variation

: to introduce variability into the model, one choice

is to keep the mean constant and change the coefficient of variation in different levels for
calculating triangular distribution parameters (Jannat and Greenwood, 2012). Examples
of

classification for process or transportation time into two levels are

Low and High for which the values of,
Skewness

are

and 0 , respectively.

: to introduce variability into the model, another choice is to keep

the mean constant and change the skewness in different levels for calculating triangular
distribution parameters. Examples of

classification for process or

transportation time into five levels are Low negative, High negative, Symmetric, Low
positive, and High positive and their corresponding values of

are

, respectively. The approach shown in Jannat and
Greenwood (2012) can be used to find the triangular parameters for various levels of
3.4.2

Design variables
Design variables describe the possible ways to change the design of the system

for the improvement of the system performance. Table 3.7 and Table 3.8 represent the
framework for the design variables for the design and analysis of a FSC model. The
description of the variables is also provided in details.
3.4.2.1

Design variables (Internal to buyer)
Supplier Selection Criteria (SSC) is the measure(s) used by the buyer to decide

which supplier should perform the next operation. SSC is also an important variable of a
FSC system. A buyer can choose a supplier based on two variables: the number of jobs
present at the supplier, or the amount of work present in the supplier. The queue status is
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available to the buyer through the online information system. Hence, the buyer is flexible
to make the decision based on product content or work content at the supplier’s place.
This research will consider both of the selection criteria, product content and work
content, for measuring the performance. Examples of SSC classification into two levels
are shortest job number and shortest work content, which represent that the supplier
updated their information status based on their queue content and work content,
respectively.
(3.7)
Table 3.7

A conceptual framework of the design variables (internal to buyer)

DESIGN VARIABLES
A.
Internal to buyer
1. Supplier Selection Criteria (SCC) based on
product or work content.
2. Supplier Flexibility Level (SFL)

Description
The measure(s) used by the buyer to
decide which supplier should perform
the next operation
The number of available suppliers
present in the system

Supplier Flexibility Level (SFL) represents the number of available suppliers
present in the system (Chan et al. 2009). The number of available suppliers for one
operation on one product can vary from a single supplier to the maximum number of
suppliers present in the system. One supplier who is dedicated for an operation on a
product is considered as an original supplier. Other suppliers are considered as substitute
suppliers. SFL can be classified in many ways. An example of the classification into three
levels are No flexibility, Limited flexibility, and Total flexibility, which represent that the
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number of suppliers present in the structure are able to perform an operation are one, half,
or all of the clustered suppliers.
(3.8)
An example of suppliers list for operation 1 of product type 3 at suppliers
flexibility level five is

, which implies that supplier 2 is available at SFL

1 and suppliers 3, 4, 1, 5 is additionally available at SFL 2, 3, 4, 5, respectively.
Table 3.8

A conceptual framework of the design variables (internal to supplier)

DESIGN VARIABLES
B.
Internal to supplier Description
1. Delivery Flexibility
The capability of the suppliers to adapt lead times based on
Level (DFL)
the buyers’ requirement to the customer requirements
2. Volume Flexibility Level The capability of the suppliers to effectively increase or
(VFL)
decrease aggregate production in response to buyers’ demand
3. New Product launch
The ability to quickly launch several new products and
Flexibility Level (NPFL) product varieties in response to buyers’ demand
4. Operational Sequence
The capability of operational sequences of the products to
Flexibility Level (OSFL) vary by processing different operational sequences
5. Raw Materials
The ability of the suppliers to keep raw materials available
Availability Level (RMAL) all the time for order filling

3.4.2.2

Design variables (Internal to supplier)
These variables are not in the scope of our study.
Delivery Flexibility Level (DFL) is the capability of the suppliers to adapt lead

times based on the buyers’ requirement to the customer requirements (Sanchez & Perez.,
2005, Stevenson & Spring, 2007). An example of high delivery flexibility is the supplier
capability to deliver the products to the buyer at the right time by providing priority to the
buyer. Examples of DFL classification into three levels are No priority, Limited priority,
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and Total priority, which represents without priority, moderate priority, highest priority
(processing the buyer's order immediately) to the buyer, respectively.
Volume Flexibility Level (VFL) is the capability of the suppliers to effectively
increase or decrease aggregate production in response to buyers’ demand (Calantone, &
Dröge, 1999). An example of high volume flexibility is the ability of the suppliers to
deliver the right quantity of products to the buyer. Examples of VFL classification into
three levels are No flexibility, Limited flexibility, and Total flexibility, which represents
without flexibility, 50% flexibility, 100% flexibility to the volume of order changes to the
buyer, respectively.
New Product launch Flexibility Level (NPFL) is the ability to quickly launch
several new products and product varieties in response to buyers’ demand (Calantone, &
Dröge, 1999). An example of high new product launch flexibility is the capability of the
suppliers to introduce and produce the new product or product varieties based on buyers’
demand. Examples of NPFL classification into three levels are No flexibility, Limited
flexibility, and Total flexibility, which represents without flexibility, 50% flexibility,
100% flexibility to introduce and process order of new product type from the buyer,
respectively.
Operational Sequence Flexibility Level (OSFL) is the capability of operational
sequences of the products to vary by processing different operational sequences
(Stevenson & Spring, 2007). An example of high operational sequence flexibility is the
capability of the product operational sequences to vary widely during production.
Examples of OSFL classification into three levels are No flexibility, Limited flexibility,

45

and Total flexibility, which represents without flexibility, 50% flexibility, 100%
flexibility to produce new operational sequence for production, respectively.
Raw Materials Availability Level (RMAL) is the ability of the suppliers to keep
raw materials available all the time for order filling. An example of high raw materials
availability is the ability of the supplier to be ready to process the order 100% of the time.
Examples of RMAL classification into three levels are Poor availability, Limited
availability, and Total availability, which represents that raw materials are available 50%,
75%, and 100% of the time from the supplier, respectively.
3.4.3

Performance measures
Performance of a supply chain can be measured by using a number of indicators.

Table 3.9 lists some performance measures. Four performance indicators are described:
lead time and cost, by considering and not considering transportation time and
transportation cost. This proposed conceptual model considers these indicators to
measure the performances. The performance measures of total lead time and total cost
can be explained by the following explanations; however, the effect of reliability can also
be included into total lead time and total cost indirectly through the simulation model.
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Table 3.9

A conceptual framework of performance measures

PERFORMANCE MEASURES
A.
Time
1. Average total lead time
2. Confidence interval on average lead time
3. Probability of lead time within or exceeding
target
B.
Cost
1. Average total lead time
2. Confidence interval on average lead time
3. Probability of lead time within or exceeding
target

Time to produce all orders
Average time to produce orders

Total price (production and
transportation) of all orders

Let
: Process time of product type

of each product

for operation

at flexible

of each product

for operation

at flexible

supplier
: Process cost of product type
supplier
: Transportation time to move product type of each product

after operation at

supplier
: Transportation cost to move product type of each product

after operation at

supplier
: Idle time of flexible supplier
product

on each

just before processing of operation

on each

of type

: Idle cost of flexible supplier
product

just before processing of operation

of type
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: Waiting time just before moving each product

of type

after operation

at

of type

after operation

at

supplier for operation
: Waiting cost just before moving each product
supplier for operation

: Total lead time required by the cluster of

flexible suppliers for supply of

products after finishing operation on them
3.4.3.1

Lead time
It is the total order cycle time from the order arrival at the supplier, to the final

product delivery to the buyer by producing a fixed number of products with and without
considering transportation time. This measures the time in terms of time units from an
order arrival to the supplier to the product delivery to the final buyer. It is assumed that
the transportation time is zero or a number for moving a product from an entity to the
next entity of the supply chain. This measure is particularly interesting because it shows
that FSC management can reduce the time to meet the consumer or user demand on time.
This indicator varies with the presence of flexibility and its levels in the system.
Obviously, lead time is easy to capture by the computer simulation models.
Transportation time can or cannot be considered for this measure.
(3.9)
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Simulation model can easily calculate the average lead time, confidence interval
of the average lead time, and probability of lead time that is within or exceeds target lead
time.
3.4.3.2

Total cost
Total cost for producing a fixed number of products with or without considering

transportation cost is the total expenditure from an order arrival to the supplier, to the
product delivery to the final buyer. It is assumed that the transportation cost is zero or a
specific number for moving a product from an entity to the next entity of the supply
chain. This measure is particularly interesting to show that FSC management can reduce
the total cost to meet the consumer or user demand on limited budget. This indicator
varies with the presence of flexibility and its levels in the system, and apparently, total
cost is also easy to capture by the computer simulation models. Transportation cost can or
cannot be considered for this measure.
: Total cost for producing and transporting require at the cluster of
suppliers system for supply of

flexible

products after finishing operation on them
(3.10)

3.4.4

Experimentation variables
An experiment is a trial or set of trials in which purposeful variations are made to

the input variables of a process or system so that the impact of changes may be found in
the output responses (Montgomery & Montgomery, 1997). The variables that can affect
experiments are listed in Table 3.10 and their descriptions are also provided in the
following.
49

Table 3.10
A.
B.
C.
D.
E.

A conceptual framework of experimentation variables

EXPERIMENTATION VARIABLES
Experimental Design
Design the experiment to receive the right
effect from the output
Number of Replications
Number of times the experiment repeats
Run Time
Time required to run an experiment
Stopping Criteria
Condition to stop the simulation model
Initial conditions
Starting condition of a simulation model

3.4.4.1

Experimental Design
It helps the modeler to get the right effect through the simulation model output. In

general, there are three principles of good experimental design: random assignment,
replication, and local control. All complex experimental designs can be constructed from
and found in terms of three easy building block designs: completely randomized design,
randomized block design, and Latin square design (Kirk, 1982).
3.4.4.2

Number of Replications
In a stochastic model, given the same input data, the standard way to handle with

the unsystematic difference of the simulation results is to repeat the simulation runs a
number of times, and get the average of the measures of interest (such as process time for
an operation, transportation time, arrival process, etc.). Though the number of
replications needed is usually not know, a number between 5 and 10 is usually
considered. In some cases, the following formula for the required number of replications
( ), given

initial replications were presented by Burghout (2004).

(3.11)
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Where,
= The number of replications required, given m replications
= The estimate of the real mean m from m simulation runs (samples)
= The estimate of the real standard deviation s from m simulation runs
= Level of significance
= Allowable percentage error of the estimate

= critical value of the two-tailed t-distribution at a level a of
significance, given
3.4.4.3

degrees of freedom

Run time
It is the length of the experimentation of the simulation model. There are mainly

two types of runtimes found in the simulation model: terminating and non-terminating.
The difference between these two has to do with whether we are interested in the
behavior of the system over a particular period of time or in the steady-state behavior of
the system. It has nothing to do, necessarily, with whether the system itself terminates or
is ongoing. The decision to perform a terminating or non-terminating simulation has less
to do with the nature of the system than it does with the behavior of interest. A
terminating simulation is one in which the simulation starts at a defined state or time and
ends when it reaches some other defined state or time. An initial state might be the
number of parts in the system at the beginning of a work day. A terminating state or event
might be when a particular number of jobs have been completed. Consider, for example,
an aerospace manufacturer that receives an order to manufacture 200 airplanes of a
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particular model. The company might be interested in knowing how long it will take to
produce the aircraft along with existing workloads. The simulation run starts with the
system empty and terminates when the 200th plane is completed since that covers the
period of interest. A point in time which would bring a terminating simulation to an end
might be the closing of shop at the end of a business day, or the completion of a weekly
or monthly production period. It may be known, for example, that a production schedule
for a particular item changes weekly. At the end of each 40 hour cycle, the system is
"emptied" and a new production cycle begins. In this situation, a terminating simulation
would be run in which the simulation run length would be 40 hours. Terminating
simulations are not intended to measure the steady-state behavior of a system. In a
terminating simulation, average measures are of little meaning. Since a terminating
simulation always contains transient periods that are part of the analysis, utilization
figures have the most meaning if reported for successive time intervals during the
simulation.
A non-terminating or steady-state simulation is one in which the steady-state
behavior of the system is being analyzed. A non-terminating simulation does not mean
that the simulation never ends, nor does it mean that the system being simulated has no
eventual termination. It only means that the simulation could theoretically go on
indefinitely with no statistical change in behavior. For non-terminating simulations, the
modeler must determine a suitable length of time to run the model. An example of a nonterminating simulation is a model of a manufacturing operation in which oil filters are
produced on a continual basis at the same pace. The operation runs two shifts with an
hour break during each shift in which everything momentarily stops. Break and third shift
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times are excluded from the model since work always continues exactly as it left off
before the break or end of shift. The length of the simulation is determined by how long it
takes to get a representative steady-state reading of the model behavior.
3.4.4.4

Stopping criteria
It is needed to terminate the execution of a simulation or optimization model. The

stopping criteria vary based on the required model output and performance measures. In
the simulation model, the stopping criteria are the finishing of all operations on all orders.
3.4.4.5

Initial conditions
Initial conditions are important to a simulation study, especially, for treatment

analysis where steady state is not modeled. There are several approaches to set-up the
experimental design to receive quality results. For instance, a model that starts with
empty and idle condition performs differently than the already running model with
ongoing parameter values. Therefore, it is better to study and analyze a system when it is
in ongoing operation. The variables considered for this study does not include the initial
condition; however, it is always better to describe potential approaches to consider for
designing the experiment. The possible ways to start-up the experiment are given below:


Model starting in empty and idle condition means that the model only runs
for the order for which we want to calculate the lead time. Model only
considers the order for which it needs to calculate the lead time.



Load the model with dummy buyers’ orders for all suppliers. In the
simulation model, we can load the model with additional orders from extra
buyers that will not be included for the performance measures.
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Run the model for a number of cycles and pick the result for most
reasonable one that makes more sense to consider.



Load the model with more product types in a regular interval though only
the lead time will be counted for the targeted one.



For the very first operation, the supplier will select the primary supplier,
not the alternative suppliers, which allow the model not to select the same
supplier for multiple operations for randomness.



Add tie breaking criteria which never allows same supplier for multiple
products at the same tine in other words at 0 time unit.

For real time decision making model analysis, we can get the initial conditions
parameters as input parameters through excel spreadsheets and run the experiment for
one order cycle and retrieve the performance measures. This approach will help the users
to provide a particular decision for a particular situation or model parameter value.
Theoretically, it is assumed that the increasing number of SFL will always
provide better performance, which is not true for all situations (Chan et al. 2009). The
performance of SFL depends on the level value of other variables. The increasing number
of buyers and decreasing number of suppliers also adversely affects performance, while
for the other variables’ level is constant. Therefore, for a particular buyer-supplier model,
it is important to analyze the system variables’ level explicitly to achieve better
performance. This framework will provide a strong platform for creating the intended
supply chain model for evaluating the system performance and for bringing some
particular variables impact to the system by providing much focus on those particular
variables.
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The most important step for the result prediction is the analysis of the results.
Chan et al. (2009) considered a single case for the result prediction, where the conceptual
model has the capability to analyze the results for multiple cases that can be generated
randomly. Two factorial interactions are shown in the model developed by Chan et al.
(2009), and the conceptual model has the capability to develop and examine the model
for a large number of variables. For detail analysis, few key variables can be chosen.
3.5

Example Case
The previous section proposes a framework with a list of contributing variables in

the design and analysis of a FSC management. It is necessary to describe the relevance of
the flexibility variables for modeling, analysis, and decision making by using a case
study. It concerns an actual manufacturing industry described by Chan et al. (2009). They
considered three variables SFL, CPC, and TD while producing a fixed number of product
types for a fixed number of quantities with a fixed number of required operations. Since
they did not consider product types, product volume, and required operations for each
product type as a variable, all these three variables will be considered as variables for
analysis in this example. It is our expectation that these analyses will add value to
understand the importance of flexibility variables for modeling and analyzing simulation
model and decision making. It will also help to understand the effects of these variables
to output.
3.5.1

Case description
The flexible supply chain considered by Chan et al. (2009) is comprised of six

suppliers and a buyer for producing six types of products, where required operation
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numbers for producing each product type vary from 4 to 6. For this fixed arrangement of
buyer-suppliers with product types, the production quantity, and the operation number for
each product type, determination of optimum factorial combination of three variables:
SFL, CPC, and TD are the three main purposes. The main objective of this example is to
find the effects on the results by varying product types, production quantity, and required
operations for producing those products.
3.5.1.1

Objectives of the study
The objective is to model the dynamicity of the flexible supply chain and to

evaluate the consequences of alternative configurations for flexible supply chain
performance. Performance indicators are related to time and service. In order to observe
the quality and sensitivity of the FSC configuration, numerous strategies are measured.


Impact of product type variation on lead time calculation



Impact of production quantity on lead time calculation



Impact of necessary operations required for producing a product on lead
time calculation

3.5.1.2

System description
Figure 3.2 depicts all possible configurations under the considered variables for

the case study. Each order from the buyer is a combination of three variables with various
levels. The three variables are product type, required operations, and order quantity. The
first two variables vary in 2, 6, or 12, and the third variable varies in 10, 50, and 500.
Thus, each combination comes to process by one, three, or six suppliers. Process time
varies from 35 to 100 time slots (Chat et al., 2009).
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Order attributes
Product, I

Required operations, J

Order quantity, Q
S1

1, 2

1, 2

S1 / S 2 / S 3

1, 2, 3, 4, 5, 6

1, 2, 3, 4, 5, 6

1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 11, 12

Figure 3.2

10

Buyer

50

S1 /S2 /S3 /S4 /S5 /S6

1, 2, 3, 4, 5, 6, 7,
8, 9, 10, 11, 12

500

All possible model configurations for a chain of one buyer and six
suppliers

Table 3.11 provides the information about the network topology for the example
problem. Table 3.12 shows the substitute supplier available at various levels of flexibility
with processing times for each operation of the assumed product types.
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Table 3.11

Explanation of design and system variables with their levels

Variable name Variable level Description
System variable
Order arrival
Order arrives at time zero
1
Single buyer
6
Time unit
2, 6, 12
10, 50, 500
2, 6, 12

1
1

Number of suppliers is 6
Number of products varieties
Production quantity varieties
Number of operations varieties
Supplier is fixed
Process time varies from 35 to 100
Zero time units or embedded into the process time
Per unit transportation

Design Variable
SSC

1

SFL

1
3
5

Shortest job no - Select the supplier based on their
status updated by the Queue content
No flexibility - 1 supplier is available (Garavelli, 2003)
Limited flexibility - 3 suppliers are available (Garavelli,
2003)
Total flexibility - 5 suppliers are available (Garavelli,
2003)

58

Table 3.12

Presenting the substitute available supplier at various levels of flexibility
with assumed processing times for each operation of the product types

Process time of
Product type for
operation ,

SFL=1/3/5 for
Process time of
operation on type , Product type for
operation ,
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SFL=1/3/5 for
operation on type ,

Table 3.12 (continued)
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3.5.2

Simulation model and results
A simulation model is developed following the conceptual model described in

Jannat & Greenwood (2014).
The simulation has been carried out in correspondence with a FSC network for
one buyer and six suppliers, which is similar to the setup problem investigated by Chan et
al. (2009). To simplify the analysis of the simulation results, we summarize them in four
main categories: number of operations, number of product types, number of production
quantity, and supplier flexibility level.


product types at each level, Level 1- 2; Level 2- 6; Level 3- 12



order quantity at each level, Level 1- 10; Level 2- 50; Level 3- 500



operation numbers at each level, Level 1- 2; Level 2- 6; Level 3- 12



SFL—Supplier Flexibility Level, Level 1- 1; Level 2- 3; Level 3- 5

Results, provided in Table 3.13, show the reduction of lead time for moving from
one supplier flexibility level to other level.
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Table 3.13

Explanation of design and system variables levels which represent the
characteristics of 81 (27×3) configurations with results

Configuration
1

1

1

1

2

1

1

2

3

1

1

3

4

1

2

1

5

1

2

2

6

1

2

3

7

1

3

1

8

1

3

2

9

1

3

3

10

2

1

1

11

2

1

2

12

2

1

3

13

2

2

1

14

2

2

2

15

2

2

3

16

2

3

1

17

2

3

2

18

2

3

3

19

3

1

1

20

3

1

2

LT
(SFL=1)
590

LT
(SFL=3)
535

LT
(SFL=5)
500

2150

1496

1431

3387

2903

2757

2790

2405

2105

9567

6792

6390

15540

13012

13101

27540

23800

20065

93008

66267

62455

151440

127293

127277

1595

1180

995

4356

3685

3662

8617

8025

7648

7795

5315

4720

21273

18078

17874

41320

37516

37567

77545

52160

47615

212923

181592

177871

409188

373367

373331

3200

2369

2117

8087

7642

7451
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Table 3.13 (continued)
21

3

1

3

22

3

2

1

23

3

2

2

24

3

2

3

25

3

3

1

26

3

3

2

27

3

3

3

16414

15733

15637

16000

11305

10370

39727

38591

36917

81054

77400

77317

149514

112549

103176

382938

384738

368018

786236

771582

771641

For each category, outcomes are summarized under some key results description.
1. Variation comes from changing the number of product types in an order
There is an increasing pattern of lead time for changing the product types
from 2 to 6 to 12 for various levels of order quantity and production order.
Lead time increases significantly when the product types increase from
low to medium but it becomes stable when it increases from medium to
high. Therefore, we can state that as product types increase their impact on
lead time decreases. For example configurations 232 and 233 have little
differences with 332 and 333, respectively.
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900000

Products (2, 6, 12), Order Quantity (10, 50, 500), and Number of Operations (2, 6, 12) at SFL
(1,3,5)

800000

700000
SFL=1
SFL=3

600000

Lead time

SFL=5
500000
400000

300000
200000
100000
0

111 112 113 121 122 123 131 132 133 211 212 213 221 222 223 231 232 233 311 312 313 321 322 323 331 332 333

Products (i)-Order Quantity(q)-Number of Operations(j)

Figure 3.3

Lead time for all scenarios of four factors of three levels of each factor

2. Variation comes from changing the number of required operations for
producing a product
Increasing number of required operations for producing a product also
require long lead time
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160000
140000

Products (2), Order Quantity (10, 50, 500), and
Number of Operations (2, 6, 12) at SFL (1,3,5)

Lead time

120000
100000
80000
60000

40000

133

132

131

123

122

121

113

112

0

111

20000

Products (i)-Order Quantity(q)-Number of Operations(j)

Figure 3.4

For two products, various levels of order quantity and number of operations
are shown for an order lead time

3. Variation comes from changing the number of production quantity of each
product type in an order
Increasing pattern of order quantity of each product type also require long
lead time. Figure 3.5 shows that as the order quantity increases, lead time
also increases.
4. Variation comes from changing the number of supplier flexibility for
producing products for an order
Increasing number of available suppliers provide decreasing trend of lead
time. However, lead time decreases more for changing the SFL from 1 to
3 than for changing the SFL from 3 to 5. Figure 3.6 shows that lead times
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are almost the same for all three suppliers' flexibility levels for both
operation numbers 6 and 12.

450000
400000

Products (6), Order Quantity (10, 50, 500), and
Number of Operations (2, 6, 12) at SFL (1,3,5)

350000
Lead time

300000
250000
200000
150000
100000

233

232

231

223

222

221

213

211

0

212

50000

Products (i)-Order Quantity(q)-Number of Operations(j)

Figure 3.5

For six products, various levels of order quantity and number of operations
are shown for an order lead time

In simulation, the lead time has been readily used to confirm the steady state of
the SC configurations. As the flexibility level increases (1 to 3 and 3 to 5), the lead time
decreases primarily due to the increasing number of available suppliers. However, the
steady state of the system configurations was definite in every SFL. As far as the leadtime analysis is concerned, it shows that the configurations with limited flexibility
(SFL=3) of supplier provide better reduction of lead time compare to the total flexibility
(SFL=5). For larger order quantity SFL plays a major role for the reduction of lead time.
For smaller product types, SFL plays a major role for the reduction of lead time.
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However, increasing number of products reduce lead time more for small j than for large
j. It is found that moderate j provides more reduction in lead time for small number of
product types than large number of product types.

900000
800000

Products (12), Order Quantity (10, 50, 500), and
Number of Operations (2, 6, 12) at SFL (1,3,5)

700000
Lead time

600000
500000
400000
300000
200000

333

332

331

323

322

321

311

312

0

313

100000

Products (i)-Order Quantity(q)-Number of Operations(j)

Figure 3.6

3.5.3

For twelve products, various levels of order quantity and number of
operations are shown for an order lead time

Full factorial ANOVA
Full factorial ANOVA for the example problem is shown in this section.

Factor
SFL
Products, i
Order Quantity, q
Number of Operations, j

Type Levels Values
fixed
3
1, 2, 3
fixed
3
1, 2, 3
fixed
3
1, 2, 3
fixed
3
1, 2, 3

Analysis of Variance for Lead Time
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Source
DF
SS
MS
SFL
2 1586223318 793111659
Products, i
2 2.32353E+11 1.16177E+11
Order Quantity, q
2 9.06378E+11 4.53189E+11
Number of Operations, j
2 2.53557E+11 1.26779E+11
Error
72 9.19461E+11 12770294185
Total
80 2.31334E+12

F P
0.06 0.940
9.10 0.000
35.49 0.000
9.93 0.000

S = 113006 R-Sq = 60.25% R-Sq(adj) = 55.84%
The ANOVA results show the model's source of variation, either from the factor,
the interaction, or the error. The total is a sum of all the sources. Degrees of freedom
from each source is also shown. For example, in this model, each factor has three levels,
the degrees of freedom is 2. SS (sum of squares) between groups (factor) and the sum of
squares within groups (error) are shown here. MS (mean squares) are found by dividing
the sum of squares by the degrees of freedom. The F and P values show the significance
of the factors on lead time determination.
Figure 3.7 and Figure 3.8 show the main effects and interaction plots for lead
time. Main effects plot shows the mean response changes across the levels of a factor. It
can be used to compare the relative strength of the effects across factors. From the above
figure we can define that the change in lead time is less for factor SFL compare to other
three factors (Products, Order Quantity, Number of Operations). The largest change
happens for factor order quantity than factors products and number of operations.
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Main Effects Plot for Lead Time
Data Means

SFL

240000

Products, i

180000
120000
60000

Mean

0
1

2
Order Quantity, q

3

1

2
Number of Operations, j

3

1

2

3

1

2

3

240000
180000
120000
60000
0

Figure 3.7

The main effects plot of four factors, SFL, Products, Order Quantity,
Number of Operations.

Interaction plots show the plot of means for each level of a factor with the level of
a second factor held constant. From the above figure, it is found that there is no strong
interaction is present for the study because we cannot find any response at a factor level
that depends upon the level(s) of other factors.
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Figure 3.8

3.6

Interactions plot of all four factors, SFL, Products, Order Quantity, Number
of Operations.

Conclusion
The framework is an attempt to cover the unexplored area of FSC and should

further motivate researchers, academicians, and practitioners to work in this area and
introduce more variables in providing directions for further researches in FSC to improve
supply chain performance. This framework intends to help improve decision making by
experimenting with various flexibility variables for ultimately designing and developing
an FSC by considering potential variables to recognize and understand prospects for an
improved supply chain.
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Manufacturing companies cannot run efficiently without a flexible supply chain.
Many variables must be considered or combined to form a flexible supply chain networks
model. The conceptual framework of FSC summarizes the objective reality and proposes
a base to outline and convert the current system from the existing state to a preferred one.
In this article, critical variables are organized according to three distinct groups under
different headings: an explanation of design variable, an explanation of system variables,
and a framework of listing all variables in developing a FSC model for analysis. The
proposed framework provides a platform to use it in different ways. For example, some
researchers develop models to observe some particular variables’ impact on FSC to draw
some potentially important conclusion, and /or some researchers study the actual system
to make some recommendations. This framework is open for doing both for this kind of
experimental analysis, and it is presented from a theoretical point of view. This
theoretical framework allows companies to make a vision, design a plan and problem
space considering relevant variables, and place importance on the advantages of FSC by
analyzing the performance of the system. From empirical perspectives, one characteristic
of our proposed framework is the cycle of decision making. We believe that flexibility
provides scope to the supply chain managers to learn characterization and reevaluate FSC
development policies in the decision making process. Appropriate adoption of this
practice will facilitate managers to communicate with others, perform proper analytical
analysis, and make excellent choices timely and effectively.
The approach used in organizing the variables for the framework applies to the
design and development of a FSC model. Modelers and/or practitioners can identify
system variables (many variables are recommended herein), select design variables, and
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construct a model to measure the performance. After the first step, the modelers can
select another design variable and measure the performance, and they are also free to
change the values of system variables for different design variables level and analyze the
performance when system variables are flexible to change. In this way, the modelers can
investigate the system before developing the actual model. One important contribution of
this research is that the general-enough open model developing demonstration helps the
modeler to build a supply chain model (e.g. facility location problem and network
optimization problem) by modifying the conceptual model. A person with basic
simulation knowledge can easily develop a FSC model by following the demonstrations
provided here. Framework will also help the modeler to decide some variables before
actual implementation. Each variable has some levels, and each level represents a specific
characteristic of that variable’s level. The description of the levels for all variables will be
defined based on the required system.
This framework is mainly built on the variables discussed by Chan et al. (2009),
and it is considered as a beginning for the evaluation of the FSC model for the supply
chain performance measurement. It is equally essential to understand that the variables of
the FSC model are established in a quite small section, and thus, caution should be taken
in generalizing any outcomes for any flexible supply chain. The significance of the
variables shown herein might relate to all FSCs for all manufacturing industries with
some modifications. We hope this will help practitioners to evaluate the supply chain
performance.
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This paper aimed to present some useful potential to encourage practitioners and
researchers in the supply chain flexibility and changeable control domain. The major
contribution presented herein can be summarized as key points including:


Summarize the overall research context from the background investigation
to build up research and industry motivation.



Literature review to discover the potential research holes and areas that
needs further improvements.



Development of conceptual framework for flexible supply chain for the
continuously changing environment.



Development of an open generic model setting demonstration to assist the
modeler for developing FSC models.



Development of buyer-supplier decision making supply chain flexibility,
SFL, at various levels.



Development of example problem build in FlexSim.

Achieving supply-chain flexibility will be highly beneficial to organizations in
leveraging the efficiency of supply chain management. The advantages of the framework
are summarized as follows.


It helps in understanding the importance of the flexibility variables for
developing a FSC model.



It provides direction to develop a FSC model considering the design
variables appropriate for the system.



It can be used to analyze the supply chain based on organizational need.
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It can be used as a guiding tool to recognize FSC variables and perform
advanced developments for a buyer-suppliers cluster model.



It is useful for the academicians, researchers, administrators of the
organizations as well as practitioners.



It can be used in any part of total supply chain. It is just necessary to
assume that the entities of that part as buyer and supplier.
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CHAPTER IV
A CONCEPTUAL MODEL FOR DEVELOPING THE FLEXIBLE SUPPLY CHAIN
SIMULATION MODELS

4.1

Abstract
This study shows the development of conceptual models that can be used in the

creation of specific types of simulation models. Conceptual models are developed to
create a flexible supply chain (FSC) model considering design and system variables.
These models are established from the review of the previous chapter. The proposed
conceptual framework considers a wide number of variables to demonstrate the approach
for building an FSC model. The presented ideas can be used in flexible supply chain
simulation projects to study the flexibility effect. Two key supply chain performance
measures are lead time and variability in lead time, both of which affect sustainability of
manufacturing and logistics systems. One way that has been proposed to improve both
measures is to increase supplier flexibility. Our research focuses on defining the effects
of various manufacturing and logistics flexibility-related variables on lead time and its
variability. We use simulation modeling and analysis as the basis for studying the impact
of both design and system variables on performance. In this study, we present our
findings on the effect on lead time of supplier flexibility level, proportion of process time
containing production and transportation time, and level of variability in process time.
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We also discuss briefly our flexibility-variable framework and conceptual model for the
simulation, as well as its implementation in FlexSim simulation software.
4.2

Introduction
Flexibility is an important option to mitigate the effect of variability. Uncertainty

creates variability, which ultimately provides an inconsistent environment. Currently,
manufacturers are inclined to have a successful supply chain, which more or less depends
on its flexibility. Flexibility allows the companies to react quickly and maintain a stable
environment for the manufacturer. In reality, organizations are not competing with other
organization; each organization’s supply chain is basically competing with others’ supply
chains. Successful supply chain management determines the existence of an organization
in the market. Coordination, collaboration, and an effective information sharing system
are important to have flexibility in a supply chain.
Collaboration among the supply chain members is helpful to develop a successful
flexible supply chain system. In collaborative supply chain management systems,
information sharing is very important, which is very different from the traditional supply
chain system. Collaborative management envisages the reduction of the lack of
coordination in supply chains. Contradictory goals among the supply chain members and
delayed inaccurate information leads to a lack of coordination among the supply chain
members. Basically, handling lack of coordination is a major need for better supply chain
performance. The main objective of joint management is to gain, by means of common
preparation, a greater accuracy in delivery lead time and an attractive due date for the
buyer. As a result, it is possible to decrease the number of suppliers for processing a fixed
number of orders with a fixed number of order attributes.
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Supply chains are complex operations which require a carefully defined approach
for analysis; otherwise, chances are there to be lost from the main analysis and spend a
large amount of effort for analyzing the supply chain by using tools that do not use
simulation (Jain et al. 2001). The guidelines for the development of a basic model for
flexible supply chain simulation that takes care of the flexible variables would be
attractive for those challenging methods for the analysis. The objective of this study is to
show the development of a conceptual model that are used in projects of discrete-event
simulation of flexible supply chains. This model considers system and design variables
for developing flexible supply chains, and takes into account variables such as number of
buyers and suppliers, product characteristics, operational characteristics, and process
characteristics.
This chapter describes the development of an advanced flexible supply chain
simulation model. This conceptual model development approach is applicable for all
areas of supply chain. The objective of this study is to determine the impact of some
wide-ranging variables in the design and development of flexible supply chains. The
model was created at a high level of abstraction keeping in line with the purpose of the
study. This work is organized in the following manner: Section 4.3 presents an overview
of simulation in supply chains. Section 4.4 describes conceptual model architecture, and
Section 4.5 discusses about the conceptual model. Sections 4.6 and 4.7 describe example
problems, and Section 4.8 analyzes the results. Finally, Section 4.9 provides a conclusion
by presenting some final thoughts about the study.
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4.3

Need for conceptual supply chain simulation models
Supply chain is an environment where discrete-event simulation can be

considered as a functional tool. Simulation technology can find out ways to replicate and
to test various decision-making choices upon more possible predictable scenarios, in
order to establish the level of optimality and robustness of a given strategy in advance.
Simulation plays an important role in supply chain to provide what-if analyses among the
techniques supporting a multi-decisional context to evaluate benefits quantitatively (Terzi
& Cavalieri, 2004).
Supply chain simulation is also used in decision making for the modification
analysis to existing chains. These changes are classified in two categories:
configurationally and functionally. Configurationally decisions affect the supply chain in
long terms; however, functional decisions affect the supply chain in short terms.
Simulation is used as a tool to support decision making in both cases (Pundoor, 2001).
The complexity in developing a simulation model from scratch and the lack of
user friendly commercial simulation solutions made the simulation unpopular in real-life
industries for designing and managing supply chains (Cigolini, Pero, & Rossi, 2011).
Four case studies presented by Cigolini, Pero, & Rossi (2011) shows that none of the four
companies actually use simulation for supply chain design and management though they
all considered simulation as a suitable tool to support decision making processes. The
main reasons of not using simulation were the complexity of developing a simulation
model from scratch, the lack of simulation skills, and the considerable time it takes to
develop a model. supply chain simulation is a dynamic process of creating a supply chain
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model and testing it until finding an acceptable model configuration (Chwif, Barretto, &
Saliby, 2002).
Chan et al. (2009) presented an approach for managers to identify the information
system automation level and variations in physical characteristics of the substitute
suppliers in terms of suppliers’ flexibility level that can help in improving the overall
delivery lead-time, but no simulation model is available to test any particular model and
make a decision. Therefore, a simplified method of building simulation models is an
interesting topic for the practitioners as well as for the researchers.
Computer simulation is a significant tool to help the decision makers in the
analysis of new strategies and making final decisions. Simulation projects enable the
researchers and practitioners to perform a new analysis of a system and help to get
important information to achieve the goal of the study. True representation of a system
using pictures, graphs, and charts are possible in simulation, which supports the
understanding of the complete process and features of the supply chain. A simulation
model is time consuming, expensive to build, and it is particularly difficult to acquire
data and expert people. Often times, it is difficult to interpret the simulation results; as
models try to show the variability of systems. It is common to find complexities in
understanding when an examination, found during an implementation, is due to any
major relation in the system or random processes built in the model (Pedgen, Shannon, &
Sadowski, 1995). Simulation results are sometimes complicated to interpret too.
Therefore, there is a need to have a conceptual FSC model developing demonstration for
a particular study. There is a conceptual model development research available in
literature that is very general for a typical supply chain to study the bullwhip effects
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number of buyer-supplier pairs depends on the size of the supply chain for the design,
development, and analysis. Figure 4.1 shows the consideration of the buyer-supplier
model for the entire supply chain.

Figure 4.1

Presentation of the buyer-supplier model for the entire supply chain

The structure for the conceptual model, proposed in this type of FSC, is
characterized from two viewpoints: external features and internal operations. External
features present the characteristics of the model which is mainly composed of five
elements. A detailed explanation of each of these five elements is discussed later. The
vary first level that is usually called the most general level is composed by the four
elements where their integration is made by orders and products flows. At the second
level, one performs the intermediate modeling of each supply chain member. Detailed
modeling of specific purposes (buyer-supplier) are designed at the third level.

81

4.4.1

Model capabilities
As mentioned earlier, all the variables described by Jannat and Greenwood (2014)

are important to consider for building a flexible supply chain. This conceptual model
takes the initiative to develop a theoretical model by considering all variables described
in Jannat and Greenwood (2014). Tables 4.1, 4.2, 4.3, and 4.4 show the comparisons of
the variables described in Jannat and Greenwood (2014) with Chan et al. (2009). They
also show the conceptual and simulation model capabilities.
This framework development is described by identifying variables for a FSC
model. Then, we analyze the impacts of flexibility variables on a buyer-supplier model
for both practitioners and researchers. As indicated earlier, interaction among the
variables are not considered for the study conducted by Chan et al. (2009). Therefore, it is
essential to evaluate risks and benefits related to several substitutes before a substitute is
implemented. In this section, the FSC variables considered for the design and analysis of
FSC are presented in a framework (Table 4.1, 4.2, 4.3, and 4.4). The framework
organizes the variables in a compact format when developing a FSC network. These
metrics were classified by these variables in the model by Chan et al. (2009) and the
conceptual model capability (Jannat & Greenwood, 2014) for the design and analysis of
FSC. This framework is also based on the experimental variables discussed by Chan et al.
(2009) and on some theoretical variables stated herein. Measures are collected in cells at
the intersection of the FSC variables and the research decision level. For example, the
network topology describes the number of buyers and suppliers and the assignment of
capable suppliers for the product operation.

82

Table 4.1

A conceptual framework for network topologies, product characteristics,
and order characteristics for comparison

Variables used to define and analyze
FSCs.
A.
NETWORK TOPOLOGY
1. Number of buyers,
2. Number of suppliers,
3. Time unit,
4. Distances between suppliers,
B.
PRODUCT CHARACTERISTICS
1. Product,
2. Order quantity for product
;
3. Operation on a product type of
order
. Operation

Chan et al.
(2009)

Conceptual model Simulation
capability
model
capability

1
6
not specified
not specified

any number
any number
any number
any number






6
50, for all

any number
any quantity




specified, but any number
varies (4, 5, or
6)



C.
ORDER CHARACTERISTICS
1. The nth order from buyer to supplier Fixed order any number
of type of quantity ,
2. Arrival time for an
order
is all orders at may consider
time 0
varied arrival
processes
3. Buyer-suppliers priority assignment for did not
consider
consider
an order,
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Table 4.2

A conceptual framework for process capabilities and transportation
characteristics for comparison

Variables used to define and analyze
FSCs.

Chan et al.
(2009)

D.
PROCESS CAPABILITIES
1. Suppliers set who can perform
specified
operation on product type at various
flexibility level
2. Process time of operation on product specified and
deterministic;
between 35 and
100
3. Process cost of operation on product Not specified
4. Production capacity of a supplier
Not specified
performing an operation . If a supplier
runs into full capacity,
and a
supplier can run less than their capacity
by shift arrangement ( ),
E.
TRANSPORTATION CHARACTERISTICS
1. Transportation time based on
included in
transportation mode and corresponding operation time
time variable
[for last supplier to buyer it is
]
2. Transportation cost based on
did not consider
transportation mode and corresponding
cost variable
[for last supplier to buyer it is
]
3. Transportation quantity of order
is not clear from
the explanation
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Conceptual
Simulation
model capability model
capability
any



any value

(deterministic or
probabilistic)
any number



any number



separated from
the operation
time



consider



any (single or
batch)



Table 4.3

A conceptual framework for operation variables for comparison

Variables used to define and analyze
FSCs.

Chan et al.
(2009)

F.
OPERATIONAL VARIABLES
Change in Physical Characteristics at
level for supplier

1 to 4 (0%, 5%, any number
10%, 20%)

Time Delay for buyer from supplier 1 to 8 (0, 1, 6,
10, 20, 35, 65,
through information system,
80 time units)
Time Delay Buyer is to send decision did not consider
from buyer to supplier ,
did not consider
Availability Level of suppliers ’s
information systems to buyer,
did not consider
Quality Level for
did not consider
Coefficient of Variation,
Skewness

Conceptual model Simulation
capability (Jannat & model
Greenwood, 2014) capability

any number



any number



any number



any number
any number
(depending on the
modeler choice)
did not consider any number
did not consider any number
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Table 4.4

A conceptual framework for design variables for comparison

Variables used to define and analyze
FSCs.
G.
DESIGN VARIABLES
Internal to buyer
1. Supplier Selection Criteria (SCC),
based on product or work content.

Supplier Flexibility Level (SFL)

Internal to supplier
Delivery Flexibility Level (DFL)
Volume Flexibility Level (VFL)
New Product launch Flexibility Level
(NPFL)
Operational Sequence Flexibility
Level (OSFL)
Raw Materials Availability Level
(RMAL)

Chan et al.
(2009)

Conceptual model Simulation
capability (Jannat & model
Greenwood, 2014) capability

1. least product 1. least product

content awaiting content awaiting
processing
processing
2. least work content
awaiting processing
1 to 5
any number

(depending on the
suppliers present for
the system)
did not consider any number
did not consider any number
did not consider any number
did not consider any number
did not consider any number

86

Table 4.5

A conceptual framework for performance measures for comparison

Variables used to define and
Chan et al.
analyze FSCs.
(2009)
H.
PERFORMANCE MEASURES
Time
limited to case
defined above
Average total lead time
did not consider
Confidence interval on average
did not consider
lead time
Probability of lead time within or did not consider
exceeds target
Cost
Average total lead time
did not consider

Conceptual model Simulation model
capability
capability
consider



consider
consider




consider



Consider up to
some extend
Confidence interval on average
did not consider Consider up to
lead time
some extend
Probability of lead time within or did not consider Consider up to
exceeds target
some extend

Table 4.6

A conceptual framework for experimentation variables for comparison

Variables used to define Chan et al. (2009)
and analyze FSCs.
I.
EXPERIMENTATION VARIABLES
Experimental design
did not consider
Run time
did not consider
Initial conditions
did not consider
Replications number
did not consider
Stopping criteria
did not consider

4.4.2

Conceptual model Simulation model
capability
capability
Open to develop
Open to develop
Open to develop
Open to develop
Open to develop







Model architecture
The part of the real system under examination is described in a simple flowchart

and its explanation. The purpose is to capture the system logic and essential data for the
simulation modeling activity. Now, for the demonstration of building a model
considering design and system variables, it is important to know the variables first. For
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the explanation of all variables, readers are directed to read Jannat and Greenwood
(2014). Next step is to develop the conceptual model. After the development of
conceptual model, an individual can build the simulation model in any Simulation
software package. Therefore, developing a conceptual model is vital. The model
demonstration is mainly divided into two sections: external features and internal
operations, described below.
4.4.2.1

External features
External features represent the overall model characteristics to understand it

properly. These features helps to understand the number of suppliers, buyers, products,
order arrival strategy, order characteristics, and delivery decision characteristics present
in the system. The number of operations required for each product is also revealed here; it
shows the capability of the suppliers in the system. Order arrival rate and order volume
are also available in this part. Process time, process cost, transportation time, and
transportation cost data are available in this part too. At different flexibility levels, the
assignment of supplier(s) for processing operations on a product are also be able here.
These features are explained below:
A. Order characteristics - represent the number of product types and their
explicit description with required production quantity of each type in an
order. Each order comes from different buyer with various combinations
of product types, operation numbers and production quantity of each
product type.
B. Order arrival strategy - describes the arrival strategy of various product
types in an order to the supplier. This arrival strategy can be deterministic
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or stochastic. Different product types of an order can come together or in
different times. For stochastic order arrival strategy, orders from different
buyers come to the suppliers following a statistical distribution, such as
triangular distribution.
C. Supplier capabilities - primarily each supplier is dedicated to work on an
operation on a product in our flexible supply chain concept. A supplier can
process multiple operations on different product types while no flexibility
is included into the model. However, in a flexible supply chain, a supplier
can do multiple operations on different product types. Therefore, a
supplier has the capability to process a number of various kinds of
operations on different product types. For an example, Figure 4.2 shows
the capabilities of two suppliers 1 and . Supplier 1 is capable for
operations A, B, C, and D, where supplier is capable for operations C, D,
E, and F. Adding flexibility to the supplier 1 increases its operations
capabilities from A, B, C, and D to A, B, C, D, E, and F, and increases the
supplier ’s operations capabilities from C, D, E, and F to A, B, C, D, E,
and F. However, suppliers usually provide some priority to the buyer that
helps the buyer to process the prioritized buyer’s order first.

Figure 4.2

Suppliers operations capabilities
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D. Product characteristics - describe the required operations necessary to
produce a product. Necessary operations to produce a product vary across
product types, and it can vary from a few operations to a number of
operations. Figure 4.3 shows the required operations to produce product
types 1 and . Product type 1 requires operations B, D, and C sequentially
as operations number 1, 2, and 3, respectively, and product type

requires

operations D, F, E, and A in sequence as operations number 1,2, 3, and 4,
respectively. These product characteristics help to understand not only the
necessary operations, but also the operations already finished or required
for processing. For example, in Figure 4.3 for product 1, there is no cross
mark to the operation. It means that all three operations are left to perform
on product 1. However, for product , the first two operations are cross
marked to show that operations 1 and 2 are over and two more operations
3, 4 are necessary to produce it.

Figure 4.3

Product’s required operations to produce

E. Decision making criteria - total production process is highly involved with
information access. After the buyer’s order comes to the corresponding
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supplier, the order position to the supplier queue depends on the priority
level assigned to the order. Based on the priority level, each order gets the
position at the supplier queue. The highest priority order gets the position
at the front, and the second highest priority gets the position after that and
so on. After each operation on each product type, the supplier waits to get
the information to send the partially processed product to its next
destination. The selection of the next supplier depends on two criteria shortest product content and shortest work content. Shortest product
content counts the number of products present at the supplier, whereas
shortest work content counts the total volume of works present at the
supplier. Moreover, the transportation decision is also another important
criterion in the decision making process. Transportation can occur in an
individual unit or in a batch. Depending on the product type and the
location of the suppliers, transportation mode varies among road, rail, or
ship.
F. Waiting queue for executing decision - products are waiting right at the
supplier’s place in a line waiting for a decision coming from the buyer for
moving to the next supplier for the next operation or to the buyer after the
final operation. A waiting line is included into the model next to each
supplier to store the products for sending to the next destination. The
purpose of this waiting line is to help the simulation model to add extra
time or cost to measure the total lead lime or total cost for the model.
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Now, it is vital to integrate all the external features into the model. Figure 4.4
shows the combined portrait of all the external features together in one image. It shows
the conceptual model as a representation of the external features, where implementation
of some system variables with the design variable SFL is found. The model represents a
system where two suppliers work in a cluster for two buyers by producing two products.
The order for producing different product types can come in different rates with different
batch sizes. Product 1 requires three operations and product 2 requires four operations.
Both suppliers 1 and 2 are capable to do four kinds of operations where two operation
types (C and D) are same between them. The quantity of each product type can be any
number. Process time of each operation type on each product type can be any number and
stored in a table. After selecting the supplier by the buyer, the next decision is
transportation. Products can be transferred individually or in batch. The process time,
process cost, transportation time, and transportation costs are stored in tables for using in
the simulation model.
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Figure 4.4

4.4.2.2

C

F

Proposed conceptual model for describing the external features

Internal operations
Internal operations represent the logical operations inside the external features.

These operations describe the logical operations of system variables and design variables
in the model. For instance, how the buyer is sending the product order to the suppliers,
what is basis for the buyer to select supplier for next operation. Additionally, how old the
information is to use for decision making, what is the value of the other system and
design variables for the system, how slow is the transportation decision making process,
etc. are answered here. Total internal operations can be divided into seven small
operations: buyer’s decision making process, waiting line at the supplier for processing,
product under process, waiting at the supplier for transport decision, transportation to the
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next supplier or final buyer, information updates, and the availability of the information
system. These are described below.
G. Buyer’s decision making process - starts with placing a new order to the
suppliers or receiving decision requests from the suppliers for the partially
processed products. The buyer places a new order to the fixed supplier for
no flexibility case or queries the suppliers’ queue status for flexible supply
chain case to select the lightly busy supplier for operations. However, the
total production process is highly involved with information access. After
each operation on each product type, supplier waits to get the information
to send the partially processed product to its next destination. Moreover,
transportation is also another important criterion in the decision making
process. Transportation can occur in individual unit or in a batch.
Depending on the product type and the location of the suppliers,
transportation mode varies from road, rail, or ship.
H. Waiting line at the supplier for processing - total production process is
highly involved with information access. After each operation on each
product type, the supplier waits to get the information to send the partially
processed product to its next destination. Moreover, the transportation
decision is also another important criterion in the decision making process.
Transportation can occur in an individual unit or in a batch. Depending on
the product type and the location of the suppliers, transportation mode
varies to road, rail, or ship.
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I. Product under process - represents the products that are under processing
by the supplier. Processing time for each operation on each product can be
deterministic or stochastic, and it also varies from operation to operation
depending on the product type.
J. Waiting at the supplier for transport decision - after particular processing
at the supplier place, the product waits for the destination decision with
the transportation mode and transportation unit decision. The buyer
provides this information to the system to move the product from one
entity to the other entity.
K. Transportation to the next supplier or final buyer - if the product is
partially processed the products are sent to the next supplier for the next
operations. Otherwise, the product is sent to the corresponding buyer as
delivery of the final product. Since multiple buyers are present, the
supplier sends the final product to the corresponding buyer based on the
buyer ID.
L. Information updates - without flexibility, the product route is fixed for
each operation at each supplier’s place. However, flexibility increases the
ability to choose a supplier for operation among a number of suppliers.
Available suppliers’ status information is updated by the information
system and there is a time lag for updating the information at the
information system. This variable ensures the capability to share the most
recent information to the decision maker.
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M. Availability of the information system - information system is not always
available. The accessibility of the information system depends on the level
of availability of the information system. This feature is vital because of
its capability to provide the information to the buyer for making decisions.
Though the system has the most current supplier status, unavailability of
this information system can lead to making an unwise decision.
For modeling purposes, representation of all variables in a single model is a big
issue. Figure 4.5 shows the conceptual model for implementing the six system variables
with design variable SFL in a single model for any other number of design variables. This
conceptual model is developed for only one supplier and one buyer. Buyer(s) can order a
number of product types with any quantity to the suppliers.
First, the buyer receives the decision request from the supplier and queries the
available suppliers’ status. Next, the buyer decides on a supplier based on SSC, but this
decision making time varies based on the TDB level present in the system. Therefore, the
buyer places an order to the supplier, and the order stays in the supplier queue based on
the other orders present in the system. When the order starts processing by the supplier
and gets done, then the order waits for a transportation decision. After receiving the
decision, the supplier sends the order to the next supplier for the next operation. The
buyer receives the final product when the suppliers do all the necessary operations on the
product.
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Figure 4.5

A conceptual model considering system variables and a design variable

(CPC,TD,TDB,QL,AL, SSC, and SFL)
Basically, we can compare these external features and internal operations
activities to the human body, where external features are the backbone and internal
operations are the circulating blood throughout the human body. From this explanation, it
is also understandable that both of these external features and internal operations are
essential to the development of the conceptual model for a buyer-supplier model.
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Integration of internal operations with the external features is important to
describe the conceptual model effectively. Therefore, the next section describes the
incorporation of internal operations to the external features.
4.4.2.3

Integration of external features with internal operations
Though external features describe the major elements of the simulation model,

internal operations explain the core logic of the simulation model. Therefore, with the
help of these two aspects, a simulation model is easy to build. From the above two figures
(Figure 4.4 & 4.5), it is easy to capture how they are related to each other. The modeler
can choose variables from the framework to analyze the performance. To understand the
overall structure the external features are described, and to show the relationship among
the supply chain entities and perform the intended study the internal operations are
described. These two features are interconnected and should be studied simultaneously
for better understanding.
For a more detailed and easy to understand explanation for the users, object flow
diagram (OFD) methodology is helpful. This primarily focuses on the key objects in a
system that needs to be modeled via simulation and the relevant flows that occur between
those objects (Greenwood, Pawlewski, & Bocewicz, 2013). Beaverstock et al. (2012)
introduced OFD methodology as a conceptual modeling approach to facilitate the
simulation model development process to help the modeler document the system being
considered and think through system boundaries, identify key components, and asses the
level of detail needed. To get detailed explanations about the OFD methodology, readers
can visit Greenwood, Pawlewski, & Bocewicz (2013). Section 4.4 describes the OFD for
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almost all variables considered for the framework. Figure 4.6 shows the relationship
among the variables.

Figure 4.6

4.5

Relationship among variables from the higher level

Conceptual model for simulation
This section provides the conceptual model for developing a simulation model for

a flexible supply chain. While this generic representation allows the flexible supply chain
system to be modeled in any simulation software model, we have developed the model
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using FlexSim. It is briefly described in the next section. The model is available from the
authors upon request. The conceptual model is presented in Figures 4.7 and Figure 4.8.

Figure 4.7

Product and information flows between buyers and suppliers

Figure 4.7 provides a high-level representation of the buyer-supplier relationships.
The solid lines represent the physical flow of products, and the dashed lines represent
communication among the elements. Heavy dashed lines represent information flows
from a buyer to a supplier, and light dashed lines represent information flows from a
supplier to a buyer. Buyers send orders for products to suppliers. Products vary by the
number and sequence of required operations and the process time of the operations. Each
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operation can be performed by a subset of the suppliers. Initially, product orders (product
characteristics and quantity) are generated based on the input parameter values that are
supplied by the user. The buyer decides, after each operation, which supplier performs
the next operation based on the number of units or the amount of work awaiting for
processing at each supplier. That is, when an operation needs to be performed on a
product , a buyer

decides which supplier

is to perform the operation. The decision

process is triggered when a supplier completes an operation – the supplier informs the
buyer that it needs to know where to send the product for the next operation. Upon
receiving that request, the buyer queries all suppliers and chooses the one that either has
the fewest number of products waiting to be processed or the one with the shortest wait
time.

Request for routing decision to buyer

Sequencing the order based on priority
Process time changes based on
the shift and staff availability
Order with different
quantity and product
types

Order for operation to be
performed on product i;
quantity i(q)

Order waiting to be
Await for raw Perform
processed
materials
operation
Order
TBD
splitter
2
0

TD
Dummy order queue
to represent
information delay

Request for
queue content
from buyer

Figure 4.8

Routing decision from buyer

Await routing
decision

Transportation
time
TBD

To buyer or
next supplier

Process multiple operations consecutively
Information updating delay at supplier

Queue content
information to buyer

An OFD of the variables listed in the framework described by Jannat &
Greenwood (2014 a).
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An OFD is drawn in Figure 4.8 to help the modeler to develop the simulation
model easily. This diagramming methodology is a key component in the conceptual
design of a discrete-event simulation model, which offers an actual means for
representing significant system elements and their relationships. It is easy to apply and
requires only few symbols and constructs, but it is robust and comprehensive enough to
represent a wide variety of systems (Greenwood, Pawlewski, & Bocewicz, 2013). The
authors declare that OFD is applicable for any simulation software and provides a
foundation for model development in any language.
The flow of activities that occur within a supplier is also shown in Figure 4.8. The
suppliers who have the capability of volume flexibility and new product launch flexibility
are able to receive order with new product types and production quantity. As soon as an
order is received at a supplier, it is split into two parts – one represents the physical
product that is to be produced and the other is a dummy order that is represented as an
updating delay in the supplier’s information system (TD in Figure 4.8). This way, when a
buyer queries a supplier to obtain information on the number of products waiting or the
amount of work waiting to be processed, the information that is obtained is not current.
This accounts for delays in updating production information at the supplier and the time
to respond to a buyer’s query. There may also be a time lag at the buyer to make and
respond with the routing decision (TDB in Figure 4.8). The orders are sequenced at the
queue to provide the delivery flexibility based on the buyers’ priority label inserted while
generating the orders. The waiting time of the order at the queue is even more if the raw
materials are not available at the supplier at the right time. The processing time for an
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operation changes depends on the shift and staff availability at the supplier. Operational
sequence flexibility allows the supplier to perform multiple operations simultaneously.
4.6

Application example
This example is based on the problem presented in Chan at al. (2009). The six

products, their order quantity, number and sequence of operations, mean process times,
and supplier preferences are the same. However, we consider two buyers (rather than
one), various levels of variability in process times (rather than deterministic), and various
operations and transport time ratios (rather than a single all-inclusive process time). Thus,
our objective is to assess the effect on mean lead time and lead time variability of four
variables from the Jannat & Greenwood's (2014) framework: Supplier Flexibility Level
(SFL), Proportion of Production and Transportation Time (PPTT), and variability in
process time (as measured by the coefficient of variation

).

We have validated our model with the one described by Chan at al. (2009) and
have extended their representation into a more general, flexible, and open simulation
model. FlexSim simulation software is used to model and analyze flexible supply chains.
The model is available from the authors upon request.
Table 4.7 provides information on each product: quantity ordered, process steps
and mean times, and the buyer’s supplier preference at each flexibility level. For
example, for product 1 (1) operation 1, the buyer would use Supplier 1 (S1) for SFL = 1,
suppliers 1 and 2 for SFL= 2, and supplier 1, 2, and 4 (S1, S2, S4) for SFL=3, etc. In this
case, all suppliers have the same mean process time, 40 time units. However, our model
allows the process time for each product operation to be dependent upon supplier.
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Table 4.7
Product

Product and supplier data for the example

1

Order
quantity
50

2

50

3

50

4

50

5

50

6

50

Operation (mean
process time)
(40)
(50)
(60)
(70)
(40)
(55)
(54)
(95)
(60)
(45)
(48)
(65)
(75)
(40)
(50)
(50)
(45)
(85)
(40)
(45)
(45)
(40)
(55)
(100)
(35)
(45)
(100)
(50)
(52)
(75)

Suppliers at each flexibility level
1
2
3
4
5
S1
S3
S4
S6
S4
S2
S6
S5
S5
S1
S3
S2
S4
S2
S5
S6
S3
S1
S6
S4
S2
S5
S1
S3
S3
S5
S4
S1
S6
S2
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S2
S5
S1
S3
S3
S1
S4
S2
S6
S4
S5
S1
S6
S1
S3
S2
S6
S5
S5
S6
S3
S4
S2
S1
S4
S2
S1
S5
S3
S4

S4
S2
S5
S1
S5
S3
S2
S4
S2
S6
S4
S6
S1
S3
S4
S1
S5
S2
S1
S5
S6
S3
S3
S6
S6
S1
S3
S2
S4
S5

S5
S1
S2
S2
S6
S4
S1
S3
S1
S5
S6
S5
S2
S4
S6
S3
S4
S4
S3
S2
S4
S1
S6
S5
S2
S3
S4
S6
S1
S3

S3
S4
S6
S5
S1
S5
S3
S6
S4
S2
S1
S4
S3
S5
S1
S5
S1
S6
S2
S3
S5
S6
S5
S4
S5
S6
S5
S3
S2
S1

Table 4.8

Experimentation factors and level

Variable name Variable level
SFL
1
2
3
4
5
PPTT
1
2
3
4
Process time
variability
1
2
3
4
5
6
7
8
9
10

Description
1 supplier is available for the operation
2 suppliers are available for the operation
3 suppliers are available for the operation
4 suppliers are available for the operation
5 suppliers are available for the operation
100% and 0% of process time considered as operation
and transportation times respectively
75% and 25% of process time considered as operation
and transportation times respectively
50% and 50% of process time considered as operation
and transportation times respectively
25% and 75% of process time considered as operation
and transportation times respectively
Distribution
Location parameters of Triangular
properties
distribution
Cv
Sk
Minimum, Maximum, Mode,
0.0 0
N/A
N/A
N/A
0.1 0
0.7551
1.2450
1.0000
0.1
0.4
0.8000
1.2732
0.9268
0.1 -0.4
0.7268
1.2000
1.0732
0.2 0
0.5101
1.4899
1.0000
0.2
0.4
0.6000
1.5464
0.8536
0.2 -0.4
0.4536
1.4000
1.1468
0.3 0
0.2652
1.7349
1.0000
0.3
0.4
0.4000
1.8196
0.7804
0.3 -0.4
0.1804
1.6000
1.2196

Table 4.8 summarizes the experimental factors that are considered in this
example. Our simulation model is capable of handling most of the variables in the
framework from Jannat and Greenwood (2014). However, since the purpose of this
example is to illustrate the capability of the model and the value of the analyses that can
be performed with the model, we limit the number of variables considered.
Each level of each variable is considered as a simulation scenario. Each scenario
is replicated 10 times in order to obtain a measure of variability in lead time. Lead time is
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the time for all products to be delivered to the buyer. In this case, 300 products, 50 of
each of six products are considered. In terms of the starting conditions for each
replication, we assume the supplier cluster provides immediate service to the buyer and
thus the model starts, and ends, with all work queues at the suppliers empty and all
supplier processes idle. This approach is used for simplicity; however, alternative
approaches to starting the simulation model include:
1. start with dummy orders at each supplier queue.
2. inject dummy orders to the suppliers at regular intervals but only capture
statistics on the set of orders of interest. This reduces the start-up and
ending biases.
3. create an initial load at each supplier, with dummy orders, that represent
the supplier typical utilization, if it is known.
Since the number of variables and levels are relatively few, we use a full-factorial
experimental design (Montgomery, 2008 and Ruiz, et al., 2006). This methodology is
usually utilized when number of variables and their levels are small or moderate.
One objective of this paper is to assess the effect of the following variables on
lead time and variability in lead time: supplier flexibility level (SFL), proportion of
process time that is operations time and transportation time, and the level of variability in
process time as specified by a triangular distribution’s coefficient of variation
skewness

and

. Based on initial experimentation, it is found that skewness did not have a

significant effect on lead time and the variability in lead time. Therefore, the results
provided here are all based on symmetric (

) triangular random variables.
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1. Effect of SFL on Lead Time - The effect of SFL on lead time is shown in
Figure 4.9. In this case, all process times are 100% operations time (0%
transportation time) and have no variability (

) in process times. As

we observe from the figure, lead time is significantly reduced as SFL
increases from 1 to 2, but shows small improvement for SFLs above 2.
However, variability, as measured by the standard deviation of lead time,
continues to drop significantly up to SFL = 4. Therefore, if lead time risk
is important to the decision maker, then measures other than the mean
need to be considered. Of course, this measure is easy to obtain from
simulation model results.
2. Effect of PPTT on Lead Time - Figure 4.10 shows the relationship between
SFL and mean lead time at various levels of PPTT (percent of process and
transportation time). The relationship exhibits a similar pattern to the
previous figure, with the largest impact being SFL. However, as the PPTT
increases, lead time increases. Recall, the buyer’s decision as to which
supplier is to produce the next operation is made at the end of the current
operation. If PPTT = 0, then the next supplier receives the order
immediately and its status (in terms of work in the system) is the same as
when the decision is made. However, if there is a long lag between the
decision and the arrival of the order, due to transportation time, the
supplier status can be quite different when the order actually arrives. For
example, if the supplier has low work content when several buyer
decisions are being made, the supplier may receive several orders, but by
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the time the orders actually arrive there could be a lot of work in the
supplier’s system. A future version of the model may need to include an
extension that accounts for this by having the buyer’s query based on the
content of the orders and not on the work actually in the system.

18000

300

250

Std. deviation of lead time

Mean

Mean Lead Time

Standard Deviation
16000

14000

200

150

100

50

12000

0
1

2

3

4

5

Supplier Flexibility Level (SFL)

Figure 4.9

Mean and standard deviation of lead time at various levels of SFL
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)
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3. Effect of Operations Time Variation on Lead Time - Figure 4.11 illustrates
the effect of variability in operations times, as measured by the coefficient
of variation

, on lead time. Recall process time is composed of

operations time and transportation time and that it is assumed that there is
no variability in transportation times. Also, operation time distributions
are symmetric triangular distributions with

= 0.0, 0.1, 0.2, and 0.3.

Note that mean lead time follows a similar pattern to that shown in Figures
4.9 and 4.10. However, we also plot the variation in lead time, as
measured by the standard deviation of lead time. Generally variability
continues to decrease as SFL increases. Of course, within each SFL
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variability in lead time is affected by the level of variability in operation
times. It appears that the effect is quite high when SFL=1. That is, when
SFL=1, as expected the lowest mean lead time is when
highest when

and it is

; however, there is considerable affect in the

variability of lead time as operation variability increases. Therefore,
increasing SFL from 1 to 2 not only greatly reduces mean lead time, but
reduces variability in lead time as well.
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Mean and standard deviation of lead time at various levels of

(PPTT=0)
4. Effect of Variables on Mean Lead Time and Variability in Lead Time Since Figure 4.9 and Figure 4.11 show that changes in system variables
affect both mean lead time and variability in lead time. We examine plots
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that consider both concurrently at various variable levels too, shown in
Figure 4.12. The notation at each plot point is the variable settings at that
point, SFL-PPTT-

. For example 143 is SFL=1, PPTT at level 4 (process

time is 75% transportation time), and

at level 4 (

=0.3). Panel (a) is

for PPTT=0 (process times are all (100%) operations times, no
transportation times) and Panel (b) is for PPTT=0.75 (process times are
only 25% operations time, 75% transportation time). The improvement in
lead time is again evident as SFL increases, as is the diminishing returns in
improvement.
These plots also illustrate variable effects when other variables are held constant.
For example, in Panel (a) the points highlighted by the oval for SFL=1show the effect of
increasing operation time variability when process time is all operation time. A similar
comparison can be made by considering the points within the oval for SFL=2. In both
cases, when process time is all operation time, increasing the variability in operation time
has a similar effect on changing mean lead time, but the effect on lead time variability is
much less when SFL=2 (compared to SFL=1).
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Mean lead time

SFL=1

SFL=2

Std. dev. of lead time

a. Process time = 100% operation time

Mean lead time

SFL=1

SFL=2

Std. dev. of lead time

b. Process time = 25% operation time
Figure 4.12

4.7

Scatter plot of mean and variability of lead time considering all variables at
all levels

Effects of number of suppliers in the cluster on lead time
This example is stranded on a discrete-event simulation model, reproducing a

buyer-supplier flexible supply chain model considering a number of variables, and aims
at quantitatively assessing the effects of different supply chain configurations on the
resulting supply chain performance measures. The example provided in Section 4.5
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shows that the variability for skewness does not have any recognizable impact on lead
time. It also shows that partial supplier flexibility level (SFL), e.g., three or four, is a
reasonable choice instead of having full flexibility (e.g., SFL five). It is interesting to
know that supplier flexibility level three may not be the right choice when the number of
suppliers for the cluster varies. This paper examines the effects of number of suppliers in
the cluster on the lead time at various supplier flexibility levels. Specifically, three sets of
supply chain arrangements are observed, branching from the combination of several
supply chain design parameters--number of supplier in the cluster, supplier flexibility
level, and performance of the alternative suppliers. For each configuration, the total lead
time is computed
This example is based on the problem presented in Chan at al. (2009). The six
products, their order quantity, and number are the same. However, we consider three,
four, and five suppliers (rather than six), three levels of supplier flexibility, and two
categories of alternative supplier's performance level (same process time and increase the
process time by some percentage). Thus, our objective is to assess the effect on mean
lead time and lead time variability of three variables from the Jannat and Greenwood's
(2014) framework: Number of suppliers in the cluster, Supplier Flexibility Level (SFL),
and two levels of alternative suppliers' process time (same as original supplier and
increase the process time by 20% for SFL 2 and 30% for SFL 3).
Table 4.9 provides information on each product: mean process times, quantity
ordered, process steps and, the buyer’s supplier preference at each flexibility level. For
example, for Product 1 of Operation 1, the buyer would use Supplier 1 (S1) if Supplier
Flexibility Level (SFL) is 1, Suppliers 1 and 2 for SFL= 2, Supplier 1, 2, and 3 (S1, S2,
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S3) for SFL=3, etc. for all three configurations. All suppliers have the same mean process
time, 40 time units at CPC level 1. Randomly generated the process time between 35 to
100 for SFL 2 at CPC level 2 and increase the process time by 20% and 30% for SFL 2
and 3, respectively, at CPC level 3. However, our model allows the process time for each
product operation to be dependent upon supplier.
Table 4.9

Product and supplier data for the example.

No. suppliers in the cluster
Process Time for
Order quantity
product type for
operation ,
(40)
(50)
1(50)
(60)
(70)
(40)
(55)
2(50)
(54)
(95)
(60)
(45)
3(50)
(48)
(65)
(75)
(40)
(50)
4(50)
(50)
(60)
(85)
(40)
(45)
(45)
5(50)
(40)
(55)
(100)
(35)
(45)
(100)
6(50)
(50)
(52)
(75)

3
4
5
SFL=1/2/3 for
SFL=1/2/3 for
SFL=1/2/3 for
operation on type , operation on type , operation on type ,

114

Table 4.10 summarizes the experimental variables that are considered in this
example. Our simulation model is capable of handling most of the variables in the
framework from Jannat and Greenwood (2014). However, since the purpose of this
example is to illustrate the relationship among the variables and the value of the analyses
that can be performed with the model, we limit the number of variables at 3.
Table 4.10

Experimentation factors and level

Variable name
Factor level
Number of suppliers 3
in the cluster
4
5
SFL
1
2
3
Process time for
1
alternative suppliers 2

Description
Three suppliers are present in the cluster
Four suppliers are present in the cluster
Five suppliers are present in the cluster
One supplier is available for the operation
Two suppliers are available for the operation
Three suppliers are available for the operation
Process times are same as the original supplier
Increase the process time by 20% and 30% for SFL 2
and 3, respectively

To show a comprehensive examination of the supply chain, we study 18 different
scenarios, which are found by combining the parameters illustrated in the above sections.
4.8

Result analysis
The results show that number of suppliers in a cluster is the most important

predictor for lead time calculation and it has a great impact on lead time determination.
The second most predictor is the supplier flexibility level that determines the level of
reduction of lead time by adding more suppliers in the system. It is also important to
know how the additional supplier is handling the original supplier's work. For a specific
system with corresponding variable and their levels are important to make decision about
the system’s design variables. Figure 4.13 shows the mean lead time for three levels of
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number of suppliers in the cluster, SFL, and 2 levels of CPC performance. It (Figure
4.13) shows that number of suppliers in the cluster has changed the lead time a lot for
other level of factorial combination. For the same combination of variables, lead time is
very high for the cluster of three suppliers compare to the cluster of suppliers for four and
five. SFL has positive effect if the alternative suppliers performance remain same as the
original supplier. Otherwise, SFL does not improve the performance.

40000
35000

Mean Lead Time

30000

Mean LT (5)
Mean LT (4)

25000

Mean LT (3)

20000
15000
10000
5000
0
11

21

31

12

22

32

SFL and CPC

Figure 4.13

Mean lead time for three levels of number of suppliers in the cluster, SFL,
and 2 levels of CPC performance
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4.9

Concluding remarks
This paper demonstrates that simulation provides an effective means to design

and analyze flexible supply chains. The simulation model can address the effect on
performance of a number of system and design variables. Those variables and measures
are based on a comprehensive framework for modeling and analyzing flexible supply
chains. The framework is intentionally general so that it can be used to address a variety
of manufacturing and logistical issues. However, the variables and simulation model built
considering those variables can be used to address sustainability issues especially
regarding transportation.
While the results derived from the example problem considered in this paper just
pertain to its specific problem structure and the values of its system parameters, the
example clearly illustrates the value of the approach and the type of insight that can be
gleaned. It also clearly illustrates that:


designing flexible supply chains in a dynamic, stochastic environment is
complex and requires the use of sophisticated modeling and analysis tools.
Simulation is an effective tool for such analyses.



a number of system and design variables affect performance and need to
be addressed concurrently, not separately or just one at a time. Again,
simulation modeling and analysis, along with a good experimental design,
provide an effective means to do this.



in order to design effective flexible supply systems, one must consider not
just the mean performance measure, e.g. lead time, but its variability as
well, when comparing alternative design and system scenarios.
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There are diminishing returns in increasing supplier flexibility level, but the
degree, will vary by measure.
From the output of the discrete-event simulation model, we have also shown a
quantitative assessment of the effects of various configurations on the total lead time
found in the supply chain. This study covers 18 supply chain configurations, resulting
from the arrangement of several design parameters, such as number of suppliers in a
cluster, supplier flexibility level, and process time for alternative suppliers. For each
scenario, total lead time is computed as simulation outcomes.
The key results of this study show that the lead time is affected by the supply
chain design parameters. In particular, the numbers of supplier in the cluster and the
alternative suppliers’ performance have significant influence on lead time. This study is
based on the simulation of a single-product flow. To develop more broad results, it would
be appropriate to expand the model to include:
1. The flow of various products, with various distinctiveness.
2. numerous supply chain members per model.
3. Lead-time variability and corresponding variables crossover investigation.
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CHAPTER V
USING LOCATION PARAMETERS, MOMENTS, AND PERCENTILES TO
SPECIFY THE TRIANGULAR DISTRIBUTION

5.1

Abstract
The triangular distribution is commonly used in simulation projects to represent

probabilistic processes in the absence of detailed data. The distribution is popular since it
can take on a variety of shapes and requires three easy-to-estimate location parameters –
minimum, maximum, and most likely values. This paper provides the means to
incorporate the first three moments of the distribution into the estimation process. With
our approach the distribution can be specified with any combination of the three location
parameters and three moments. We also provide a methodology to use a percentile
estimate rather than an extreme-point estimate; e.g., a domain expert may feel more
comfortable providing a 95th percentile value than the absolute maximum value. These
contributions enable simulation modelers engaged in practice and research to more
effectively use the already popular triangular distribution to represent system
characteristics. Examples illustrate various applications of the methodology.
Keywords: distribution, probability, simulation, statistics, triangular
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5.2

Introduction
In simulation studies the underlying probability distribution for the various

sources of randomness are usually unknown. In addition, in many cases detailed data that
could be used to help select the distribution is either not available or cannot be collected
in a reasonable amount of time, or at least not in time to be used for experimentation with
the simulation model that is being built. The literature, e.g., (Law & Kelton. 2000),
provides guidelines for selecting probability distributions in the absence of data.
Characteristics of some common distributions are summarized in (Back et al, 2012) and
provided in Table 5.1.
Table 5.1

Candidate distributions in the absence of data(Back et al, 2012)

Distribution

Bounded

Normal
Lognormal
Uniform
Gamma
Triangular
Beta

No
At one end
Yes
At one end
Yes
Yes

Desired properties
Unimodal
Yes
Yes
No
Yes
Yes
Sometimes

Skewness
No
Yes
No
Yes
Yes
Yes

In general simulation modelers prefer bounded distributions so that the simulation
does not sample values that, from a practical perspective, are extreme. It is also often
desirable that the distributions be unimodal and flexible enough to represent symmetric
and skewed distributions. Therefore, the triangular distribution is often the distribution of
choice in the absence of data.
The triangular distribution is also attractive since it only requires three easy-toestimate location parameters – minimum, maximum, and most likely values, often
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denoted as

and

, respectively. These parameters bound the possible sampled values

and allow the distribution to take on a variety of shapes – symmetrical, positively
skewed, and negatively skewed, as well as varying degrees of variability. General shapes
of the triangular distribution’s density function, in terms of the three basic location
parameters, are illustrated in Figure 5.1;
bounds,
triangle with

is the midpoint between the lower and upper

. The shapes range from most negatively skewed on the left (a right
to most positively skewed

The zero skewness or symmetrical case,
negative

Figure 5.1

on the far right of the figure.
, is in the middle with moderate

and positive skewness

on either side.

Examples of five general shapes of the triangular density function

In practice, most domain experts can provide the location parameter estimates. Of
course, estimates from various sources can vary and would need to be combined in some
way. However, combining estimates is not a concern of this paper. Oftentimes in
practice, even if detailed data are not available, some summary statistics may be
available, such as the mean. If the summary statistics are based on a large number of
observations, then they may be considered quite reliable. As a result, the modeler may
want to use the mean and still approximate the underlying distribution as being triangular.
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In another situation, the modeler may wish to shift the mean across several scenarios,
retain the same level of variability in the distribution, and still utilize the triangular family
of distributions. In both of these cases the modeler is trying to use non-standard
information (e.g., mean, variance) about the triangular distribution in conjunction with, or
in addition to, standard location information for specifying the distribution (

).

Also in practice, domain experts oftentimes have problems estimating extreme values of
the distribution,

and , but are more comfortable estimating percentiles, such as the 5th

and 95th.
A similar need to that described above is also found in simulation-based research
studies. Oftentimes the researcher is trying to understand the effects on system
performance of shifts in location or variability in some of the random variables in the
system. For example, the objective of a study might be to find the effect of changes in
variability of a process on cycle time. In this case, for control purposes it would be
desirable to keep the mean and level of skewness constant while only changing the level
of variability from scenario to scenario. For general research studies, where specific
distributions are not being considered, the triangular is an attractive option. For the case
described here, the standard triangular information or location parameters are not
especially useful. The problem needs to be framed in terms of the three moments of the
distribution and not the three location parameters; thus, in terms of non-standard
information. Of course, the distribution eventually needs to be specified in terms of the
three location parameters so it can be incorporated into a simulation model and be
executed using simulation software.
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This paper provides a means to integrate three types of information for specifying
triangular distributions, location parameters, distribution moments, and percentiles. The
remainder of this paper is organized as follows. First, we provide some basic definitions.
This is followed by a description of our approach for integrating the moments into the
estimation process. We next describe our approach for using percentiles in the estimating
process. Illustrative examples are provided within each of the major sections.
5.3

Basic definitions
The triangular distribution can be specified in terms of three basic location

parameters: the minimum possible value of the random variable, denoted a, the maximum
possible value, b, and the most likely or most frequently occurring value, m. These are
the “standard” information used to specify the triangular distribution. The probability
density function (PDF) and cumulative distribution function (CDF), in terms of these
variables, are (Evans et al, 2000):

(5.1)

(5.2)
The three moments of the triangular distribution -- mean , standard deviation ,
and skewness

- in terms of the location parameters are(Evans et al, 2000):
(5.3)
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(5.4)
(5.5)
5.4

Integrating moments into the estimating process
The problem we consider in this paper is that the practitioner or researcher desires

to use the triangular distribution in a simulation model but some, or all, of their
information is in terms of moments and not just the location parameters. Since the three
moments are expressed in terms of the three location parameters, the modeler needs to
specify only three of the six total variables.
Once the values are specified, three of the equations above are solved
simultaneously for the desired value of the three remaining variables. Of course, the
solution of these simultaneous nonlinear equations is not trivial but can be obtained
through the use of such commercial software as Wolfram’s Mathematica 8.0. So that
modelers do not have to solve these equations each time they want to use the triangular
distribution with non-standard information, we provide a standardized table, analogous to
the standard normal table, to facilitate the estimation of the required parameters.
The standardized table is presented as Table 5.2. It provides values for location
parameters

in terms of a standardized mean, i.e.,

, and varying levels of

variability and skewness. The row values in the table are for the coefficient of
variation,

, which varies from 0.1 to 1.5. The column values in the table are for

levels of skewness,

, which varies from

(the minimum skewness possible in a
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triangular distribution) to

(the maximum skewness possible in a triangular

distribution).
Table 5.2

Standard values for the minimum ( ), maximum (b) and most likely
when

Triangular parameter value, minimum (a)
-0.5656

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.5656

0.1

0.7172

0.7209

0.7268

0.7331

0.7398

0.7471

0.7551

0.7639

0.7738

0.7855

0.8000

0.8209

0.8572

0.2

0.4343

0.4417

0.4536

0.4662

0.4797

0.4942

0.5101

0.5277

0.5476

0.5710

0.6000

0.6417

0.7143

0.3

0.1515

0.1626

0.1804

0.1993

0.2195

0.2413

0.2652

0.2916

0.3215

0.3565

0.4000

0.4626

0.5715

0.4

-0.1314

-0.1165

-0.0928

-0.0676

-0.0407

-0.0116

0.0202

0.0554

0.0953

0.1420

0.2000

0.2835

0.4286

0.5

-0.4142

-0.3956

-0.3660

-0.3345

-0.3008

-0.2645

-0.2248

-0.1807

-0.1309

-0.0726

0.0000

0.1044

0.2858

0.6

-0.6970

-0.6748

-0.6392

-0.6014

-0.5610

-0.5174

-0.4697

-0.4169

-0.3571

-0.2871

-0.2000

-0.0748

0.1430

0.7

-0.9799

-0.9539

-0.9124

-0.8684

-0.8212

-0.7702

-0.7146

-0.6530

-0.5833

-0.5016

-0.4000

-0.2539

0.0001

0.8

-1.2627

-1. 2330

-1.1856

-1.1353

-1.0813

-1.0231

-0.9596

-0.8892

-0.8094

-0.7161

-0.6000

-0.4330

-0.1427

0.9

-1.5455

-1.5122

-1.4589

-1.4022

-1.3415

-1.2760

-1.2045

-1.1253

-1.0356

-0.9306

-0.8000

-0.6122

-0.2855

1

-1.8284

-1.7913

-1.7321

-1.6691

-1.6017

-1.5289

-1.4495

-1.3615

-1.2618

-1.1451

-1.0000

-0.7913

-0.4284

1.25

-2.5355

-2.4891

-2.4151

-2.3364

-2.2521

-2.1612

-2.0619

-1.9518

-1.8272

-1.6814

-1.5000

-1.2391

-0.7855

1.5

-3.2426

-3.1869

-3.0981

-3.0036

-2.9025

-2.7934

-2.6742

-2.5422

-2.3927

-2.2177

-2.0000

-1.6869

-1.1426

Triangular parameter value, maximum (b)
-0.5656

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.5656

0.1

1.1428

1.1791

1.2000

1.2145

1.2262

1.2362

1.2450

1.2529

1.2602

1.2669

1.2732

1.2791

1.2828

0.2

1.2857

1.3583

1.4000

1.4290

1.4524

1.4723

1.4899

1.5058

1.5203

1.5338

1.5464

1.5583

1.5657

0.3

1.4285

1.5374

1.6000

1.6435

1.6785

1.7084

1.7349

1.7587

1.7805

1.8007

1.8196

1.8374

1.8485

0.4

1.5714

1.7165

1.8000

1.8580

1.9047

1.9446

1.9798

2.0116

2.0407

2.0676

2.0928

2.1165

2.1314

0.5

1.7142

1.8956

2.0000

2.0726

2.1309

2.1807

2.2247

2.2645

2.3008

2.3345

2.3660

2.3956

2.4142

0.6

1.8570

2.0748

2.2000

2.2871

2.3571

2.4169

2.4697

2.5174

2.5610

2.6015

2.6392

2.6748

2.6970

0.7

1.9999

2.2539

2.4000

2.5016

2.5833

2.6530

2.7146

2.7702

2.8212

2.8684

2.9124

2.9539

2.9799

0.8

2.1427

2.4330

2.6000

2.7161

2.8094

2.8892

2.9596

3.0231

3.0813

3.1353

3.1856

3.2330

3.2627

0.9

2.2855

2.6122

2.8000

2.9306

3.0356

3.1253

3.2045

3.2760

3.3415

3.4022

3.4589

3.5122

3.5455

1

2.4284

2.7913

3.0000

3.1451

3.2618

3.3615

3.4495

3.5289

3.6017

3.6691

3.7321

3.7913

3.8284

1.25

2.7855

3.2391

3.5000

3.6814

3.8273

3.9518

4.0619

4.1612

4.2521

4.3364

4.4151

4.4891

4.5355

1.5

3.1426

3.6869

4.0000

4.2177

4.3927

4.5422

4.6742

4.7934

4.9025

5.0036

5.0981

5.1869

5.2426

Triangular parameter value, most likely (m)
-0.5656

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.5656

0.1

1.1400

1.1000

1.0732

1.0524

1.0340

1.0167

1.0000

0.9833

0.9660

0.9476

0.9268

0.9000

0.8600

0.2

1.2800

1.2000

1.1464

1.1048

1.0680

1.0335

1.0000

0.9665

0.9320

0.8952

0.8536

0.8000

0.7200

0.3

1.4200

1.3000

1.2196

1.1572

1.1020

1.0502

1.0000

0.9498

0.8980

0.8428

0.7804

0.8000

0.5800

0.4

1.5600

1.4000

1.2928

1.2096

1.1360

1.0670

1.0000

0.9330

0.8640

0.7904

0.7072

0.6000

0.4400

0.5

1.7000

1.5000

1.3660

1.2620

1.1699

1.0837

1.0000

0.9163

0.8301

0.7380

0.6340

0.5000

0.3000

0.6

1.8400

1.6000

1.4392

1.3144

1.2039

1.1005

1.0000

0.8995

0.7961

0.6856

0.5608

0.4000

0.1600

0.7

1.9800

1.7000

1.5124

1.3668

1.2379

1.1172

1.0000

0.8828

0.7621

0.6332

0.4876

0.3000

0.0200

0.8

2.1200

1.8000

1.5856

1.4192

1.2719

1.1340

1.0000

0.8660

0.7281

0.5808

0.4144

0.2000

-0.1200

0.9

2.2600

1.9000

1.6589

1.4716

1.3059

1.1507

1.0000

0.8493

0.6941

0.5284

0.3412

0.1000

-0.2600

1

2.4000

2.0000

1.7321

1.5240

1.3399

1.1675

1.0000

0.8326

0.6601

0.4760

0.2679

0.0000

-0.4000

1.25

2.7500

2.2500

1.9151

1.6550

1.4249

1.2093

1.0000

0.7907

0.5752

0.3450

0.0849

-0.2500

-0.7500

1.5

3.1000

2.5000

2.0981

1.7860

1.5098

1.2512

1.0000

0.7488

0.4902

0.2140

-0.0981

-0.5000

-1.1000
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The tables are available from the authors in MSExcel format. An abbreviated and
preliminary version of this research is provided in (Jannat & Greenwood, 2012).

No

Figure 5.2

Skewness ( )

1

0

2

0.1

3

0.2

4

0.3

5

0.4

6

0.5

7

0.5656

Shape of Triangular
Distribution

Shape of the triangular distribution for various levels of skewness ( )
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In order to help modelers and domain experts estimate skewness, we provide
graphical representations of the triangular distribution for various (seven) levels of
positive skewness

in Figure 5.2. The following two subsections illustrate how the

approach and tables can be used both in a practice context and in a research context.
These examples are just for illustrative purposes; the approach is applicable to any
domain. Following the examples, we compare the results obtained from the tables with
those obtained from direct solution in Mathematica.
5.4.1

Example in a practice context - solicitation from experts
In this example, assume the mean time to produce a set of engineering drawings is

well known; i.e., assume

hours. However, the distribution family is unknown and

no detailed process time data are available. The modeler wants to include the mean in the
characterization of the distribution that is assumed to be triangularly distributed.
Therefore, only two other parameters need to be specified. Skewness

is assumed to be

0.3 by the modeler and product designers with the help of Figure 5.2. Similarly, the
mode

is estimated to be 75 hours. The procedure for determining

and

using Table

5.2 is:
1. Divide the estimated most likely

by the mean

most likely value, i.e.,

.

2. Use third section of Table 5.2 to determine
example,

to obtain the standard

is approximately 0.2.
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based on

. For this

3. Use

to obtain the standard parameters

from first and second part of Table 5.2, respectively. For this example, the
standard values are

and

4. Scale the standard
and

.

parameters using the process mean; therefore,
. In many simulation packages the process would

be modeled as triangular (47.4, 127.3, 75.0); all values are in hours.
5.4.2

Example in a research context – experimental control
Simulation is typically used to better understand system performance or to

evaluate changes in performance based on changes in system variables. In order to better
control experiments, oftentimes distribution moments are changed from scenario to
scenario. For example, consider a medical laboratory testing procedure. In this case, little
is known about the time to perform the test and the researcher wants to estimate the effect
of skewness on overall cycle time. Assume for the base case

are specified;

(quite positively skewed).

i.e.,

If the modeler assumes the testing process is triangularly distributed, the three
location parameters need to be determined so they can be entered into simulation
software. The first part of Table 5.2 is used to find the standard parameter
and

where

. The standard value is scaled to the problem domain using the

domain mean; i.e.,

. The same process is used in second and third

part of Table 5.2. Again using

the standard values for

and

approximately 1.8196 and 0.7804, respectively. Scaling these by the mean, 180,
seconds and

seconds.
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are

Now, if the modeler wants to determine the effect on system performance of a
process that is quite negatively skewed (say, -0.4), holding everything else constant, then
remain the same, but

. The location parameters are

estimated as before. The first part of Table 5.2 is used to find the standard parameter
where

. The standard value is scaled to the

problem domain using the domain mean; i.e.,

. The

same process is used in second and third part of Table 5.2. Again using
, the standard values for

and

and

are approximately 1.6 and 1.2196,

respectively. Scaling these by the mean, 180,

seconds and

seconds.

Therefore, the modeler would be comparing the effect on system performance if the
process’s skewness changes from 0.4 to -0.4 (holding

and

constant)

by sampling from triangular (72.0, 327.5, 140.5) and then triangular (32.5, 288.0, 219.5);
all values are in seconds.
Table 5.3 considers this example and two other cases. It compares the results
using Table 5.2 and solving directly in Mathematica. Obviously, the differences are
insignificant.
Table 5.3

Comparison of results – table and direct solution

Cases

Known values

1
2
3
4

180
900
4500
180

0.3
0.5
0.8
0.3

0.4
0.3
0.5
-0.4

Estimates using Table 5.2
a
b
72
327.5316
-65.295
2101.086
-1948.635
14548.635
32.472
288
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m
140.4693
664.2108
900
219.528

Estimates using Mathematica
a
b
m
72
327.531
140.4692
-65.2962 2101.0855 664.2106
-1948.64 14548.6
900
32.469
288
219.531

5.5

Integrating percentiles into the estimating process
Domain experts oftentimes have problems estimating extreme values of a

distribution,

. They may over or underestimate the absolute maximum or

minimum value and thus bias the simulation analysis. In many cases, those
knowledgeable about the process are more comfortable estimating percentiles, such as the
5th and 95th. For example, they may be able to provide an estimated near-low value,

,

recognizing that there is a 5% chance of a value falling below that value. The 5%
estimate is assumed to imply the

. The same is considered at the

upper end of the distribution; i.e.,

and

Figure 5.3 shows the basic location parameters of the triangular distribution –
– as well as

, the estimated near minimum value, and

, the estimated near

maximum value of the distribution. The tail probability areas are also shown as
and

; i.e., an estimated fraction of the distribution values that

lie beyond the estimated near extremes.

Figure 5.3

Triangular distribution with extreme tail areas denoted
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It (Figure 5.3) also shows the height

of the distribution at

and the height at

the tail area boundaries. These are used later in the paper.
Given the formula for the area of a triangle and the fact that the area under any
valid probability distribution must be 1, then
(5.6)
and thus the height

at

is given by (6.7).
(5.7)

In order to estimate from
distribution at

and

and

from

, we need to know the height of the

. To determine the height of the triangular distribution at point

we use the triangle’s similarity ratio. That is, for

,

and
(5.8)

Therefore, the left tail area in Figure 6.3 is:
(5.9)
It follows that
(5.10)
A similar approach is applied to the upper tail and thus
(5.11)
and
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(5.12)
Equations (5.10) and (5.12) are solved simultaneously to obtain the minimum and
maximum parameters of the triangular distribution, and , in terms of
and

and

,

, and m. The solution of the two simultaneous nonlinear equations provides four

set of values for

; However, only one root will satisfy the criteria:
and no imaginary term.

Solutions are obtained through the use of such commercial software as MATLAB.
However, so that modelers do not have to solve these equations each time they want to
use the triangular distribution, we provide standardized tables, similar to those in the first
portion of the paper, to facilitate the estimation process. However, these tables are much
larger. In order to obtain reasonable coverage in our tables,
0.025 to 0.475 with an increment of 0.025 and

and

both vary from

varies from 0.05 to 0.95 with an

increment of 0.05, resulting in 6,859 cells. A simple Visual Basic For Applications
(VBA) interface is used to navigate the cells, as shown in Figure 5.4 – the user enters
of

and

,

and

, and m; the system provides

. The tables and VBA

interface are available from the authors.
As an alternative for using MS Excel, we provide two simplified tables, Tables 5.4
and 5.5, that can be used to estimate
of

based on commonly used values

, 0.005, 0.025, 0.050, and 0.100. The tables are standardized in terms of
and consider

each table are for

at three levels - 0.25, 0.50, and 0.75.The row values in

, varying from 0.005 to 0.1. The column values in each table are for

, also varying from 0.005 to 0.1. The tables provide a standard minimum parameter,
and a standard maximum parameter, .
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Figure 5.4

MS Excel tool for estimating

The actual values
where

from near-extreme estimates

, are determined using Equations (5.13) through (5.16),

is the range or difference between

and

is the standardized most-

likely value.
(5.13)
(5.14)
(5.15)
(5.16)
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Table 5.4

5.5.1

Standard values for the distribution minimum

when

Example using near extreme values
In this example, consider the time between interruptions on a piece of equipment.

Not much is known about the distribution but domain experts can estimate three
percentiles (2.5%, 50%, and 95%). The near-minimum (2.5 percentile) and nearmaximum (95th percentile) values are assumed to be 400 and 1200 minutes, respectively;
i.e.,

.That is, it is estimated that there is a 0.025 chance that a

time between interruptions could be less than 400 minutes and 0.05 chance that a time
. The 50th percentile, or

could be above 1200 minutes; i.e.,
mode

, is assumed to be 600 minutes. The modeler wants to include all of this

information in the characterization of the assumed triangular distribution.

134

Table 5.5

Standard values for the distribution minimum

The procedure for determining
1. Find the range,

and

when

using Tables 5.4 and 5.5 is:

using Equation (5.13); 800 in this case.

Obtain the standardized most likely value using Equation (5.14); in this case,
.
2. Use Table 5.4 to determine standard based on

. For this

example, is approximately -0.11150.
3. Use Table 5.5 to determine standard
example,

based on

. For this

is approximately 1.26410.

4. Calculate the minimum parameter,
(5.16) respectively,

and

using Equations (5.15) and
minutes and
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maximum parameter,

minutes.

Thus, the distribution for the simulation model is triangular (

,

, 600). Note, this is the same answer as shown in Figure 5.4
obtained from the large table lookup.
Now the modeler would like to test the effect of reduced variability on system
performance. Using Equations (5.4) and (5.5), the above distribution’s
and

. The modeler wants to keep the same shape,
, and reduce the

to 0.2. Using Table 6 2,

.

,

and

It then follows that

and

. Therefore, the distribution for

the simulation model is triangular
5.6

, same mode,

, with all values in minutes.

Summary
The proposed methodologies provide a quick and easy way to specify the

triangular distribution by utilizing information beyond the standard three location
parameters, such as estimates of the distributions moments and percentiles. Standard
tables have been developed (available from the authors or via
http://sites.google.com/site/jannatgreenwood/) to facilitate the estimation process by
providing a precise approximation of the solution that would be obtained by solving the
problem directly, in such software as Matlab or Mathematica, for each estimate. As our
examples indicate, our approach is useful both in simulation practice and in research.
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CHAPTER VI
CONCLUSIONS AND FUTURE RESEARCH

This chapter provides an overview of the contributions and results from this
research. It also discusses limitations and areas for further research. Toward that end, the
chapter has three major sections. The first section deals with a summary of contributions
discussed in Chapters 3, 4, and 5. The second section summarizes key conclusions
resulting from this research. limitations, and associated future research are provided in
the third section.
6.1

Contributions
A primary objective of this dissertation was to develop a framework that:

integrates the many aspects of FSCs, provides a foundation for further exploration of the
design and system variables that effect FSC behavior and performance, and provides
guidance on how to improve supply chain performance through flexibility. This
framework and accompanying simulation models will improve decision making by
enabling experimentation with various system-based and design-based flexibility
variables. Experimentation results in a better understanding of the behavior of FSCs and
enables the testing of designs and policies before they are implemented.
Many variables must be considered when designing flexible supply chain
networks. The framework organizes key variables into three distinct categories: design
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variables, system variables, and experimentation and analysis variables. The framework
can be used in different ways. For example, models may be used to observe how certain
variables impact FSC performance in general; or, actual systems can be analyzed to
improve their design and operations.
The framework provides a foundation for developing simulation models to
analyze FSCs in a dynamic and stochastic environment. Many of the variables in the
framework are incorporated in a generic conceptual simulation model of the operation of
FSCs. FSC operations include both the interrelationships between buyers and suppliers
and the basic operational flows within both buyer and supplier organizations. The
conceptual model provides a roadmap for developing a programmed simulation model in
any simulation language. However, this research includes a comprehensive FSC
simulation model developed in FlexSim.
. The major contributions are:


Integration of the literature on flexible supply chains into a common
framework.



Development of a generic conceptual simulation model of the operation of
FSCs to facilitate the development of simulation models to address
specific FSC problems. .



The conceptual model defines general relationships between buyers and
suppliers, as well as the key internal processes, within buyer and supplier
organizations, that support buyer-supplier relationships.
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Expansion of the capabilities of the current state of FSC simulation
models to consider a broader range of variables, as well as the
consideration of the interaction effect of those variables.



Development of a comprehensive simulation model in FlexSim to enable
experimentation and analysis of specific FSC issues and problems.



Development of an approach to provide a quick and easy way to specify
the triangular distribution by utilizing information beyond the standard
three location parameters, such as estimates of the distributions moments
and percentiles.



A preliminary set of experiments with the simulation model to begin to
understand the effect of various FSC variables on its performance.

6.2

Conclusions
The following are conclusions derived from developing the FSC framework,

conceptual simulation model, and programmed FlexSim simulation model, as well as the
initial set of experiments conducted with the simulation model.


System and design variables significantly affect FSC performance.
Therefore, it is important to carefully design FSCs, and to periodically
review their design to see if redesign is necessary based on changes in the
system’s environment.



Designing flexible supply chains in a dynamic, stochastic environment is
complex and requires the use of sophisticated modeling and analysis tools.
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A number of system and design variables affect performance and need to
be addressed concurrently, not separately or just one at a time.



Simulation modeling and analysis provides an effective means to study
FSC behavior under various environmental conditions and to design FSC
operations to improve performance in lead time and variability in lead time.



The number of suppliers in a cluster is an important variable to consider
for improving lead time.



In order to design effective flexible supply systems, one must consider not
just the mean performance measure, e.g. lead time, but its variability as
well.



There are diminishing returns in increasing supplier flexibility level, but
the degree will vary by situation and performance measures. For example,
as one of the experiments conducted in this research shows, as the level of
supplier flexibility increases, variability in lead time continues to improve
even after the improvement in lead time levels off.



The triangular distribution, with its three easy-to-estimate location
parameters, is oftentimes used to specify process times when detail data
are not available. However, especially in experimentation, it is necessary
to specify the distribution in terms of moments. For example, to identify
the effect of increased variability, one needs to specify the triangular
distribution in terms mean and variance. This research provides a method
to incorporate the first three moments of the distribution into the
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estimation process. It also provides a method to use a percentile estimate
rather than an extreme-point estimate.
6.3

Limitations and future research opportunities


While the framework and simulation models are quite general and
flexible, as with any model, assumptions must be made. Based on further
experimentation it may be necessary to relax some of the assumptions.



The FlexSim model that was developed in this research is quite easy to
use, especially for those familiar with simulation modeling and analysis.
However, to be more useful in a general context, the user interface can be
improved in order to put it directly into the hands of decision makers.



Many more experiments can be conducted in order to analyze the effects
of other design and system variable combinations.



The performance measures considered in the simulation model are
currently limited to lead time and variability in lead time. This can be
expanded to include various types of costs and other measures.



A meta-model, which allows automatic building of simulation models of
flexible supply chains, can be developed. The meta-model would contain
a user interface to define the characteristics of the supply chain, a specific
FSC objects library, and a software application that automatically builds a
simulation model from the provided information. The meta-model can
dramatically reduce the time required to test a specific configuration of a
flexible supply chain and/or a specific management policy. And, since the
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simulation model is automatically built, it would enable a wider use of this
powerful capability in the organization.


Apply the framework and simulation models in industry and develop case
studies that document their use and outcomes. These studies could also be
used to test the robustness of general conclusions.

The method of specifying the triangular distribution through moment and location
parameters, as opposed to just location parameters, can be expanded to include
specification of the beta distribution.
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9LHLUD*( -únior, O& 'HFHPEHU $FRQFHSWXDOPRGHOIRUWKHFUHDWLRQRI
VXSSO\FKDLQVLPXODWLRQPRGHOV,Q6LPXODWLRQ&RQIHUHQFH3URFHHGLQJVRI
WKH:LQWHU,(((
9RNXUND5- 2 /HDU\.HOO\6:  $UHYLHZRIHPSLULFDOUHVHDUFKRQ
PDQXIDFWXULQJIOH[LELOLW\-RXUQDORI2SHUDWLRQV0DQDJHPHQW  
:DGKZD66D[HQD$ &KDQ)76  )UDPHZRUNIRUIOH[LELOLW\LQG\QDPLF
VXSSO\FKDLQPDQDJHPHQW,QWHUQDWLRQDO-RXUQDORI3URGXFWLRQ5HVHDUFK  

:HQJ=. 0F&OXUJ7  &RRUGLQDWHGRUGHULQJGHFLVLRQVIRUVKRUWOLIHF\FOH
SURGXFWVZLWKXQFHUWDLQW\LQGHOLYHU\WLPHDQGGHPDQG(XURSHDQ-RXUQDORI
2SHUDWLRQDO5HVHDUFK  
:LQVWRQ:/  6LPXODWLRQPRGHOLQJXVLQJ#ULVN:DGVZRUWK3XEO&R
=HOHQRYLF'0  )OH[LELOLW\²DFRQGLWLRQIRUHIIHFWLYHSURGXFWLRQV\VWHPV
,QWHUQDWLRQDO-RXUQDORI3URGXFWLRQ5HVHDUFK  
=KDR;;LH- /HXQJ-  7KHLPSDFWRIIRUHFDVWLQJPRGHOVHOHFWLRQRQWKH
YDOXHRILQIRUPDWLRQVKDULQJLQDVXSSO\FKDLQ(XURSHDQ-RXUQDORI2SHUDWLRQDO
5HVHDUFK  



